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A visual representation of the two types of porous materials investigated in this thesis: zeolites 
and mesoporous carbons. On the left hand side, a representation of solution equilibria between 
the silicate species in solution and the colloidal zeolites pointing towards a SEM image of actual 
colloidal silicalite-1 particles. The SEM points toward a sphere consisted of colloidal zeolite 
articles assembled and a representation of a cellulose-zeolite foam. On the right hand side, a 
representation of the iron- and carbon-nitrogen precursors that form graphene-like sheets that 
contain iron chelating active sites and this points to a TEM image of an actual ordered 
mesoporous carbon that points to a polarization curve obtained from PEMFC test. 
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Porous materials have attracted a great deal of attention of the materials science community, owing to their physical 
and chemical properties including high surface areas, narrow pore size distribution, tunable pore diameters and 
variety of chemical compositions. These properties make them suitable for various applications such as  adsorption, 
sensing, catalysis, energy, carbon capture and drug delivery. Zeolites and carbons are among the most commonly 
and extensively investigated porous materials. Zeolites are crystalline microporous aluminosilicate structures with 
multidimensional channel systems. During the last decades, they have been broadly used and studied in the fields 
of chemical synthesis and applications such as ion exchange, gas separation and catalysis. Due to the high demand 
for these materials in the chemical industry and their unique characteristics, there is still a  need for understanding 
their formation in order to develop new synthetic methods and tailor their properties for specific target-oriented 
applications.  
In this thesis, colloidal zeolite particles were prepared, studied and further utilized in two applications. One of the 
first goals was to understand the formation of colloidal zeolites and more specifically the premature termination 
of their growth during synthesis. A pH-dependent equilibrium between the condensation and dissolution reactions 
is presented in this thesis to explain this behavior. By a controlled decrease in pH of the synthesis mixtures, it was 
possible to shift the equilibrium towards condensation and  to favor the increase in particle size and reach full 
conversion. We showed that it is possible to cycle between zeolite growth and dissolution by cyclic acid and base 
adjustments of the pH. In addition, we gained new insights about the duration of the nucleation stage. Likewise, 
the chemical solution equilibria growth mechanism was studied in the synthesis of colloidal ZSM-5 particles, and 
besides observing an increase in the particle size and conversion yield, shifting the dynamic pH-dependent 
equilibrium led to an improved incorporation of aluminum into the zeolite framework. 
As the second goal in this thesis, we used the colloidal zeolite particles for the preparation of two new materials: 
a  hybrid zeolite-cellulose foam for CO2 capture and hierarchical micro-/mesoporous zeolite microspheres. The 
hybrid foams were produced by mixing colloidal silicalite-1 particles and cellulose nanofibrils/gelatin and 
applying a freeze-casting. The foams exhibited ultra -high loading of silicalite-1 particles and a linear relationship 
between the silicalite-1 and the CO2 adsorption capacity with a selectivity towards CO2-over-N2. In addition, a  
novel mesoporogen-free evaporation-driven colloida l assembly was developed to prepare mesoporous silicalite-1 
microspheres. The synthesized materials exhibited interconnected porosity, high pore volume, and the method can 
be used with other colloidal particles to tailor the pore size, pore volume and surface area. Moreover, the method 
does not require long preparation times or high temperature which has a positive effect on production at industrial 
scale. 
Porous carbon materials have received growing interest due to their unique properties, including porosity, high  
surface areas, low density and electrical conductivity. Here, special attention has been casted on the development 
of N-doped mesoporous carbon for energy conversion in fuel cell technologies. Num erous efforts have been 
devoted to developing inexpensive platinum-free catalysts, active towards oxygen reduction reaction (ORR). In 
this thesis, we synthesized Fe-N-doped ordered mesoporous carbon (OMC) materials using different types of iron 
salt and studied the effect of the counter anion on their structural and catalytic properties. Although the change of 
the anion led to a significant increase in the Fe content in the resultant Fe-N-OMC, it was found by rotating disc 
electrode (RDE) and fuel cell measurements, that such increase does not provide an noticeable improvement in 
the rate of ORR, suggesting that the additional fraction of iron consists of less active Fe species. 
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Porous materials are solids that contain pores, channels, or voids. In nature, there is a vast 
amount of porous materials such as wood, clays, zeolites, bones, biological tissues, among 
others, with interesting properties that have led many scientific efforts into synthesizing, 
studying, and mimicking such materials. Porous materials can be classified into three categories 
based on the pore size, according to the IUPAC1: microporous (aperture diameter < 2nm), 
mesoporous (aperture diameter of 2-50 nm), and macroporous (aperture diameter >50 nm). The 
porosity of such materials influences different properties including surface area, density, 
mechanical properties, and adsorption capabilities. The possibility of tuning these properties 
and the physicochemical interaction with external molecules has attracted enormous interest in 
catalysis, ion exchange, separation, and sensing, among others. Thus, in the last decades, many 
efforts have been dedicated to designing porous materials with tuned porosity and desirable 
surface properties along with different chemical nature (i.e., inorganic, organic, and hybrid 
materials) that can be used in a wide range of applications from classical to cutting-edge 
technologies.  
Zeolites are porous materials that have been extensively investigated since the development of 
the first synthetic zeolites in the 1940s.2 Zeolites are mainly classified as inorganic microporous 
materials built with different arrangements and connections of silica and alumina tetrahedrons, 
leading to a great variety of zeolite framework structures, some with variable silica/alumina 
molar compositions, counting in up to 235 different types of both natural and synthetic 
zeolites.3,4 Today, zeolites are one of the most used catalysts in the industry due to the strong 
acidity and molecular size, and shape-selective properties, which are exploited, e.g., in oil 
refining and gasoline production, and in automotive aftertreatment systems as NOx reduction 
catalysts.5,6 Due to the high demand for these materials in the industry and the interest in 
understanding the physicochemical properties of zeolites and their performance in various 
applications, many efforts have been devoted to understanding their mechanism of formation 
and developing their synthesis methods. Zeolites are usually synthesized in batch systems under 
hydrothermal conditions using mixtures of silicate and aluminate solutions subject to high 
temperatures for specific periods of time. Several approaches have converged to a common 
formation mechanism from this synthesis system, comprising induction, nucleation, and 
growth/crystallization. Despite the positive results and efforts, there is still an incomplete 
understanding of the detailed processes dictating the growth and discontinuation of growth of 
zeolites in solution. Especially, the frequently observed termination of zeolite growth before 




Over the years, the small pore size of zeolites has been identified as a limiting factor for some 
applications where diffusion plays a critical role (e.g., catalysis, separation). This mass transport 
limitation may affect the shape-selectivity, the catalytic activity as well as its durability.7 During 
the last three decades, the idea of incorporating either meso- or macropores in the porous 
structure has received a lot of interest since the combination of properties from both types of 
porosity brings up several advantages. Hierarchically structured porous zeolites have emerged 
as a promising alternative in which the porous structure can span different length scales from 
micro- to meso- and macropores. These materials are characterized by at least two levels of 
porosity, high surface areas, large pore accessibility, and high pore interconnectivity, which 
make them suitable for applications in which the transport of mass and/or ions need to be 
facilitated.8 Although many hierarchical porous zeolites have been successfully developed, the 
optimization of interconnectivity between the different pores and the need for simple synthesis 
protocols that can reduce the production cost at a large scale, still represent significant 
challenges. 
Since, zeolites are commonly obtained in aggregated powder form, their implementation in 
scaled-up applications such as in gas-separation systems is limited. The use of adhesives and 
inorganic binders to form zeolite-based materials typically leads to pore blockage and reduced 
gas uptake. In this context, a zeolite-composite material using a porous supporting material 
could potentially improve the system efficiency. Bio-based polymers such as nanocellulose and 
gelatin represent an attractive alternative as porous supporting materials, both from the 
environmental point of view as they are derived from abundant renewable sources, and also due 
to their exceptional properties i.e., biodegradability, low cost, versatility of functionalization, 
and low density. Recently, foams, which are porous materials with open cells and extremely 
low densities, have been widely investigated for several applications, including heat-insulating 
materials, supercapacitors, super-absorbents, among others.9,10 
Another class of porous materials that have been extensively studied are porous carbons. Porous 
carbon materials have interesting physicochemical properties (e.g., chemical stability, electrical 
conductivity, high surface area, porosity, sorption capacity) which can be tuned and tailored for 
specific applications.11,12 Classical applications in catalysis, gas separation, purification, and 
catalyst supports have been thoroughly investigated for porous carbons. Due to the good 
electrical conductivity and rapid electronic response, porous carbon materials have attracted 
attention in sensing, photochemical applications, and energy storage and conversion. Porous 
carbons are considered promising electrode materials for batteries, supercapacitors and proton 
exchange membrane fuel cells (PEMFC) since such materials meet several of the requirements 
needed for a suitable electrode.13,14 Electrocatalysts are the core of the fuel cell wherein both 
oxidation and reduction reactions take place. Carbon can act as the support for catalytic 
platinum nanoparticles. However, the high cost and risk of depletion of platinum have retarded 
the massive production of such catalysts. This issue calls for cheaper alternatives, and therefore 
nitrogen-doped noble metal-free porous carbon catalysts have emerged as promising solutions. 
Although the development of such catalysts is still under continuous study and several synthesis 
variables need to be judiciously investigated, they have shown the potential to eventually 





This project started through an interest in monitoring the formation of the building blocks 
during the synthesis of zeolites under certain conditions, which later led to the quest to 
understand the formation of zeolites. Despite of the many discussed mechanisms that intend to 
describe the growth of zeolites, there is still an incomplete understanding of some of the events 
during the synthesis process. With this work, we intended to explore an overview of a more 
plausible explanation, considering a chemical solution equilibrium as the driving force for the 
growth of colloidal zeolites. Thus, the importance of solution equilibria has been proposed and 
investigated for colloidal silicalite-1 and ZSM-5 particles in which certain synthesis conditions 
have been considered.  
In addition, a novel synthesis of hierarchically structured porous zeolite was developed by using 
an evaporation-driven colloidal assembly process. This method offers a new alternative to 
synthesize hierarchical porous structures with no secondary pore template and at milder and 
faster synthesis conditions than previously reported procedures, and the potential to be 
implemented at large-scale production. In another approach for hierarchical porosity, the 
synthesis of hybrid cellulose-zeolite foams was developed providing high loadings of colloidal 
zeolite particles. The foams were developed and characterized for applicability to meet the 
pressing need for materials with large capacity to capture gaseous CO2. 
Recently, noble metal-free ordered mesoporous carbon catalysts for PEMFC have been 
developed and synthesize using iron-nitrogen doping methods. This project aimed to study the 
effect of the iron-salt counter anion on the physical and catalytic properties towards oxygen 
reduction reaction (ORR) by electrochemical evaluation including fuel cell testing. It was also 
attempted to shed light on the nature of the iron-chelating active site and to understand the 
differences in the incorporation of high content of Fe species in the catalyst aiming at improving 


























2. Background: zeolites 
Zeolites are crystalline microporous aluminosilicates which consist of interconnected cages and 
channels formed by SiO2 and AlO4 tetrahedra. There exist both natural and synthetic zeolites. 
Synthetic zeolites outnumber the natural zeolites as a result of the multiple synthetic approaches 
that have been used to create uniform structures with tunable surface properties. By 
understanding the mechanism of the synthesis of zeolites, it can provide detailed information 
to prepare zeolites towards a specific application and foresee their performance in such 
application. 
 
2.1 Synthesis of Zeolites 
The synthesis of zeolites, as we know today, can be traced back to the late 1940s by the work 
of Richard Barrer and Robert Milton, discovering synthetic chabazite, zeolite A and X, among 
other types of zeolites.15–18 However, not until the early 1960s, the introduction of quaternary 
ammonium cations was studied, which had a high impact on the zeolite synthesis, leading to 
the discovery of zeolite beta and later on to zeolite ZSM-5.19–22 Since then, the number of 
synthetic zeolites has increased, including zeolite-like materials and zeotype materials such as 
microporous alumino-phosphates and titano-silicates.23–25 Nevertheless, the understanding of 
the synthesis process of these materials started in the 1960s, when new zeolites were discovered, 
advanced modeling approaches and characterization techniques were implemented for the 
investigation of the mechanisms and evaluation of zeolites. In the 1990s, with the advent of the 
synthesis of colloidal zeolites from “clear solutions”, it became possible to follow the formation 
of zeolites semi-in-situ. The crystal growth could be monitored by various techniques such as 
electron microscopy (EM), spectroscopy techniques, and dynamic light scattering (DLS), which 
could follow the nucleation and crystallization stages.26–32 Most of the studies have been carried 
out on colloidal silicalite-1 particles due to the simplicity of the synthesis conditions, thermal 
stability, and ease of following crystal growth. 
 
2.1.1 Hydrothermal Synthesis 
Aluminosilicate zeolites are usually synthesized in batch systems under hydrothermal 
conditions using silicate and aluminate mixtures and subjected to temperatures between 80 and 
200 °C for certain periods of time.33,34 The hydrothermal synthesis is a reaction-crystallization 
process, which involves at least one liquid phase and both crystalline and amorphous phases. 
From the experimental perspective, hydrothermal zeolite synthesis can be described as follows: 
i) the reaction mixture (gel or suspension) containing silica or silica/alumina precursors and 




to 80°C, in sealed containers (usually autoclave); iii) after reaching the synthesis temperature, 
the mixture remains amorphous for some time, after which it starts to transform into zeolite 
crystals; iv) progressively, the amorphous material crystallizes into a zeolite product, which is 
finally filtered/centrifuged, washed, and dried.2 In addition, these synthetic procedures are also 
strongly dependent on various variables such as temperature, ageing time, agitation, 
concentration, pH, among others. 
Based on  observed results, a generalized mechanism has been suggested and broadly discussed, 
which includes three common stages: induction, nucleation, and crystallization periods and is 
classically described by an S-shaped crystallization curve shown in Scheme 1.2,34  
Scheme 1. Representation of the nucleation, crystal growth rate, and crystal size of zeolites with an S-shaped curve (Taken 
and modified from reference.34). 
The transformation of the amorphous gel phase into zeolite crystals has been studied for many 
years. In the early 1970s, a transformation through polymerization and depolymerization 
assisted by an excess of hydroxyl ions was suggested. At the same time, it was proposed that 
the initial amorphous gel reaches an equilibrium with the liquid phase leading to a release of 
soluble species into the solution as the crystallization step takes place.2,35 
The reactants such as silica/alumina precursors and structure-directing agents control the type 
of zeolite that is formed, and characteristics related to it. After the dissolution of the silica 
precursor, a first primary amorphous mixture is typically formed, which contains precipitated 
aluminosilicates or coagulated silica and alumina. This initial mixture, therefore, also affects 
the nucleation and crystallization behavior. Upon heating the primary mixture, it changes due 
to equilibration reactions leading to a repartition of components between the solid and liquid 
phases, which finally yields an intermediate or a “secondary phase mixture”.2,34 This 
intermediate has been thoroughly studied by nuclear magnetic resonance (NMR) spectroscopy, 
X-ray diffraction (XRD), electron diffraction, and Fourier-transform infrared (FTIR) 
spectroscopy showing that this second mixture differs from the initial gel and contains 





































The change in the structural order of the primary mixture into the intermediate mixture or 
secondary phase mixture takes place due to a selection of particles with a specific critical size 
and degree of order that will further propagate as a periodic structure as crystallization. This 
event is called nucleation. 
The study of nucleation in zeolites has been mostly focused on amorphous aluminosilicate gels 
mixtures. Besides, the nucleation of zeolites takes place in a very tiny fraction of the total mass, 
making it difficult to determine the location of such a fraction from the rest of the gel phase, 
which has a very similar composition. Thus, different experimental and theoretical studies have 
been carried out in order to monitor and understand the phenomena at this stage. A reported 
study investigated the isothermal nucleation rates based on crystal growth rates and particle size 
distribution.40,41 This study assumes that, in a batch, the growth rate is the same for all crystals, 
and therefore the total growth time can be determined. The assumption also considers that the 
nucleation point for each crystal can be obtained by extrapolation to zero time, leading to a 
calculation of the nucleation distribution for the entire batch. 
Another study reported the synthesis of zeolites at high temperatures in which the correlation 
between the ageing time and the particle size can provide information about the nucleation 
stage.42 This correlation is more evident in the synthesis of colloidal zeolite particles where the 
ageing time takes place at low temperature, observing that the number of particles increases as 
the ageing time is prolonged.43–45 It was also observed that when a two-temperature stage 
synthesis reaches the same particle size compared to a synthesis run at the initial temperature, 
the nucleation could be separated from the crystallization stage.  
Autocatalytic nucleation was considered by some authors, in which the dormant nuclei are in 
the amorphous phase and therefore are activated during gel dissolution, as the dissolution rate 
increases with the growth.46,47 However, there is no consistent explanation of such an 
assumption, and hence no model can reproduce the generation of nuclei as a function of the 
synthesis time. Nikolakis et al.48 suggested another explanation for the release of nuclei, which 
considers the gel dissolution and nucleation as an interfacial event determined by the boundary 
between the gel and solution.  
From all the experimental evidence and the different formulations of models that try to describe 
nucleation, it is observed that nucleation during hydrothermal synthesis is strongly influenced 
by the presence of amorphous components both in the liquid and solid phase wherein most of 
the cases is considered as a heterogeneous event. This behavior was observed in the synthesis 
of highly aluminous zeolites and aluminum-free silicalite-1, wherein the first observable 
crystals were nucleating on amorphous material, indicating the separation from the liquid 
phase.40,49 
In summary, the zeolite nucleation process constitutes a sequence of  steps from an initial 
random structure to a pseudo-crystal that can propagate in the growth stage. Thus, the first step 




intermediate or secondary phase containing small ordered areas or nuclei; a third step will 
establish a statistical distribution of the ordered nuclei to enable the structure to grow. Finally, 
the fourth step the crystal begins to grow on the established nuclei. 2,34 
 
2.1.1.2 Crystal growth  
The zeolite growth is the last stage of the synthesis of zeolites, which is the most tangible stage 
with the appearance of crystals. This stage offers the possibility of monitoring its development 
by using different characterization techniques. Among the most common techniques used to 
monitor the crystal growth are particle counters that rely on light scattering and microscopy 
measurements, which have shown positive results at following the crystal growth.2 However, it 
is well known that the products obtained in the synthesis can have different crystal shapes 
deviating from the spherical shape and can lead to multimodal particle size distributions. In 
such a case, it is extremely important to make careful analysis and interpretations. Therefore, 
incorporating other techniques in cooperation, such as optical or electron microscopies, could 
identify and interpret factors involved during growth of zeolites.  
The growth rate is an important parameter that has been associated with understanding the 
growth of zeolites. The first growth rate determination using scattering techniques was on 
zeolite A and zeolite X, and later ZSM-5 and the analysis was performed by taking samples 
during the course of the reaction.35,50 The first in-situ growth study was performed by direct 
observation of the ZSM-5 reaction mixtures in capillaries using an optical microscope. 51 Later 
on, modifications were made using special cells and an optical reflection microscope at 170 °C. 
Also, an interferometric technique was used to monitor the growth of the different faces of 
silicalite-1 particles.52,53 The use of these techniques allowed to understand how the zeolite 
crystals assemble in gels or solution and could elucidate a possible mechanism for the growth 
process. In addition, some other techniques like atomic force microscopy (AFM) and high-
resolution transmission electron microscopy (HRTEM) were also used to provide more details 
of the growth mechanism.54  
The observations obtained from these techniques showed lower values of the linear growth rate 
than the other chemical systems at which the bonding was controlled by electrostatic or Van 
der Waals interactions (i.e., salts) , evidencing the complexity of the bonding formation in 
zeolites.40,55 Further, most of the plots of particle size versus time show a constant linear growth 
rate with a final tailing-off after the depletion of the building blocks. This behavior in the 
particle size development, along with the activation energies, have concluded that the growth 
rate is controlled by surface integration rather than dissolution rate or diffusion from the bulky 
liquid phase to the crystal.41,56 This idea was supported later by Schoeman et al., who studied 
the growth of colloidal silicalte-1 particles and obtained the best linear fitting of the growth rate 
by using a chronomal analysis that assumed a first-order surface reaction as surface controlled-
growth mechanism.26,57 
For macrocrystals, the linear growth rate has shown strong temperature dependence. Besides, 




condition. Cundy et al. studied the particle growth rates in MFI systems, varying temperature, 
concentration, aluminum content, among others.58 At a specific temperature, it was observed 
that silicalite-1 has the highest growth rate, but the rate was significantly reduced upon the 
addition of aluminum or ethanol. In a detailed study by Cundy et al., a single synthesis molar 
composition was studied at 95 °C and other synthesis variations were made including reagents 
order, ageing time, stirring speed, and other parameters. Although, in all cases, the linear growth 
rate was maintained, and crystalline silicalite-1 was obtained, changes in the particle size 
distributions were observed.40 
Other groups have studied the effect of dilution and pH on the particle growth rate. As in a in-
situ study of silicalite-1 synthesis at 150 °C, the H2O/SiO2 ratio was varied between 75-300, 
observing a reduction in the growth rate in one of the growing dimensions.59 Besides, the effect 
of pH on silicalite-1 at the initial gels, later treated with fluoride at 170 °C, showed an increase 
in the growth rate when changing the pH from 2.6 to 6.7.60 However, this trend contradicts what 
has been observed in colloidal zeolite systems (usually < 100 nm) synthesized from clear 
solutions.  
 
2.1.1.3 Growth models and formation mechanisms 
From the observed results presented above, several authors have attempted to describe the 
crystal growth. One of these models considers that the growth mechanism occurs by the 
adsorption of layers controlled by surface nucleation instead of surface dislocations.61 A 
simplistic overview of this, states that a building unit is adsorbed on the growing crystal and 
displaces to a location where the number of points is maximized or has the highest binding 








Figure 1. A layer-by-layer mechanism in zeolite growth. A growth unit is adsorbed onto the growing crystal surface and 
migrates to a high energy site (a). Completion of a layer (b), further growth takes place only after the creation of island 
nuclei (c) (Taken from Cundy et al.2) 
 
This growth mechanism was evidenced by AFM measurements on zeolite A, where square 
terraces (nucleation points) along the surface seem to merge, proceeding a progressive 
formation of elliptical terraces.62,63 Based on these observations, a model was established and 
tested, concluding that the growth rate at the kink sites is the highest compared to other surface 
sites, indicating that the growth layer will proceed at the kink site. In addition, it was found that 
the surface nucleation rate controls the growth.  
Although a macroscopic picture of the growth process was observed and modeled, there are 
still questions to answer from the molecular perspective. The molecular interactions are 
acknowledged as the main responsible for such a process. Thus, zeolite crystals are considered 
to grow in two possible ways: i) adding atoms or molecules (growth units) or ii) aggregation 
and attachment of preformed nanoparticles. The addition of smaller units has been considered 
the predominant mechanism for macrocrystals, which includes the growth by adding species at 
the level of silicate and aluminate anions. Considering that the main bonding in the crystal is 
T-O-T, where T is either Si or Al, its formation is subject to condensation reactions and hence 
facilitated by the dynamic polymerization-depolymerization of the aluminosilicate network. 
The cations play a crucial role in structuring the framework, since they are attached to the 
surface and interact with the growing units from the solution. This interaction leads to the 
coordinated water being exchanged by silicate units that assemble in an orderly fashion around 
the cation. In order to proceed with the growth, another cation must attach to the surface of the 





2.1.1.4 Growth of colloidal zeolite particles 
Colloidal silicalite-1 particles were synthesized for the first time in 1994 by Persson et al.26 
(now Palmqvist) from “clear solutions” at temperatures lower than 100 °C. As a result, several 
investigations were conducted to understand the crystal growth mechanism. Many of these 
investigations were carried out using dynamic light scattering (DLS) measurements. The linear 
growth rates at this temperature condition exhibited lower values than the gel-based synthesis, 
making colloidal zeolites suitable for mechanistic growth studies.64–66  
From all the reported experimental evidence, in the synthesis of zeolites from clear solutions, 
it was observed the presence of subcolloidal particles of around 3 nm or so-called “nanoslabs” 
after the hydrolysis of alkoxysilanes in alkylammonium derivates (see Figure 2). This study led 
to a vast number of papers dedicated to the concept of “nanoslabs”.32,66–70 In this approach, 
primary amorphous nanoparticles with a diameter of 3-4 nm are formed by condensation-
polymerization of silicate anions. These particles aggregate and densify to give amorphous 
clusters with a size less than 10 nm containing a layer of the structure-directing agent71,72 that 
subsequentially aggregate and densify to form crystalline particles at least 50 nm in diameter.2 
However, several authors have deemed the aggregation of “nanoslabs” as an implausible 
growth mechanism of silicalite-1 since depolymerization or reconstruction of the growth units 
is necessary to yield an ordered structure.73–76  
 
Figure 2. Schematic representation of the formation of Silicalite-1 material by “nanoslab” mechanism. (Taken from 
reference65) 
The molecular growth model instead includes successive additions of cations (TPA+ or small 
cationic TPA-silicate complexes) and negative silicate monomers at the growing zeolite 




is continuously re-established during the zeolite growth. In favor of the molecular growth 
model, it is well known that there is a fundamental equilibration mechanism of Si-O-Si bond 
making and bond breaking at the surface of silica and silicates, based on condensation and 
dissolution reactions catalyzed by hydroxyl ions.78 As the zeolite growth process gradually 
depletes the growth units in solution, it will reach a point (at high pH conditions) where this 
equilibration results in the rate of dissolution being equal to the rate of condensation. At this 
point, the zeolite growth seems to stop suddenly and is why the yield typically does not reach 
100% conversion to zeolite. In this thesis, we present the influence of a condensation-
dissolution dynamic equilibrium on the zeolite growth and further explain the premature 
termination of zeolite growth and provide a route to achieve full conversion. In addition, we 
also find information about the nucleation stage during the zeolite synthesis based on studies of 
the dynamic equilibria solution reactions. These will be discussed later in Chapter 5 and in more 
detail in Paper 1 and Paper 2. 
 
2.2 Applications of Zeolites 
Zeolite properties usually depend on the zeolite framework and chemical composition. Zeolite 
frameworks can be classified according to the size of the pore opening ring size, which 
corresponds to the pore windows: small pore (≤8-ring), medium pore (10-ring), large and extra-
large pores (≥12-ring). Zeolite frameworks obtain a negative charge for each aluminum atom, 
and such charges can be compensated by exchangeable extra-framework cations offering 
versatility. The additional species in the pores of zeolites can be removed, leaving space for a 
sieving effect of guest molecules based on their size, polarity, and shape.4 The coupling between 
the zeolite pores and the catalytically active sites located inside enables the feature of shape-
selective catalysis towards the formation of products. Zeolites can also encapsulate and stabilize 
metal agglomerates or nanoparticles, leading to host-guest composite materials with 
outstanding properties. All these characteristics along with the low manufacturing costs make 
zeolites suitable for industrial chemical applications in catalysis, adsorbents for water and gas 
purification, and ion exchangers.79  
Zeolites have been commonly used as catalysts in oil-refining and petrochemical processes like 
gasoline production via catalytic cracking.80 Recently, other applications in renewable energy 
and environment such as exhaust gas catalysis, oxidation of hydrocarbons, and CO2 capture, 
among others, have given zeolites a lot of interest. Colloidal zeolite particles have shown 
positive results in the traditional applications and have also emerged as an alternative for new 
applications, such as membranes, sensing and electronics platforms, drug delivery, cosmetics 
and food, medical applications, and in preparation of hierarchically porous materials.79,81 In this 
thesis, we present two studies in which colloidal silicalite-1 particles are used to prepare 
spherical hierarchically structured zeolites and hybrid zeolite materials for applications in CO2 






2.2.1 Hierarchically structured zeolites 
Zeolites have microporous ordered structures with larger surface areas, high adsorption 
capabilities, thermal and hydrothermal stabilities, among other advantageous characteristics. 
Zeolites have been widely used as heterogeneous catalysts in many industrial applications 
especially petrochemistry and oil refining. However, an important observation considers that 
intracrystalline diffusion in small micropores, limits the performance of zeolites in catalysis 
and adsorption processes.82–84 Limitations in diffusion not only reduces the catalytic activity 
but also reduces the selectivity and durability of the catalyst.7 Some of these limitations, 
especially diffusion, can be overcome with either zeolites holding ultra-large pore sizes or using 
colloidal zeolites.85,86 Reduction in the particle size have shown improved volumetric diffusion 
rate into and out from the zeolite and thereby enhanced catalytic conversion rate. Also, the 
reduction of zeolite particle size increases the outer specific surface area of the material, which 
for reactions involving bulky molecules may be favorable.81 
 
A desirable strategy to tackle diffusion limitations is incorporating either meso- or macropores 
in zeolite materials which lead to a hierarchical porous structure. This strategy has attracted a 
lot of interest, since the combination of properties from both types of porosities could 
potentially enhance the mass transport of reagents and products in and out from the active 
catalytic site.82 In the last two decades, several researchers have focused on developing 
strategies to form hierarchical porous zeolites. The synthesis protocols can be divided into three 
different categories of materials: micro-meso-macroporous zeolites, micro-macroporous 
zeolites, and macro-mesoporous zeolites. From the perspective of the catalytic application, a 
micro-mesoporous material with high catalytic activity is preferable, since mesopores have a 
desired pore size domain for improved mass transport.106,109 Although various micro-
mesoporous zeolites synthesis approaches have been successfully developed, the optimization 
of interconnectivity between the different pores and the importance of simple and scalable 
methods, still represent major challenges.  
Micro-mesoporous zeolite structures have been mostly prepared by three different approaches: 
post-treatments, solid templates, and soft templates.82 The post-treatment approaches involve 
the dealumination of zeolites via acid leaching and desilication and have been widely employed 
at the industrial scale.82 Unfortunately, these strategies yield a reduction in crystallinity and 
leave amorphous residues, which interfere with the catalytic process and reduce the catalytic 
activity. Carbon has been used as a solid template in different forms to generate mesoporous 
zeolites. For example, nanosized carbon particles which were encapsulated in growing zeolite 
microparticles (i.e., ZSM-5, MEL, TS-1) and after calcination, formed cave-like mesopores.87–
89 However, this strategy limits the accessibility and mass transfer in the catalytic process of 
molecules larger than the micropore diameter. Although the use of ordered mesoporous carbons 
such as CMK-3 was investigated, disordered mesopores were obtained, forming in some cases, 
cave-like mesopores. This result shows that it is still difficult to replicate the mesopores from 
the carbon template. On the other hand, carbon aerogels have shown better results due to the 
large mesopores and thicker walls, leading to a monolithic morphology.86,90 Other organic 




with the presence of nano-zeolite solution, forming uniform microspheres with an adjustable 
secondary pore architecture. 91,92  
In the soft templating approach, an organic surfactant is usually employed, which is in direct 
contact with the silica species during the crystallization process82,93,94. Thus, the surfactant is 
highly critical, since its stability, morphology, and interaction with the silica species dictate the 
mesopore formation. Several examples of surfactants have been used in the preparation of 
zeolites. Hydrophilic cationic polymers tend to strongly interact with silica species, and the 
high-temperature stability makes them suitable for the synthesis of the micro-mesoporous 
structured materials. Polydiallyldimethylammonium chloride (PDADMAC) has been used as a 
template in crystals of zeolite beta, ZSM-5, and FAU, exhibiting a disordered mesopore size 
distribution.95–97 Amphiphilic organosilanes have also been used in the formation of 
mesoporous MFI zeolite, and other types of aluminosilicate zeolites since the positive charge 
interacts with the silica species and the long-chain contributes to the mesopores formation.98–
100 
Although many researchers have successfully synthesized micro-mesoporous zeolites by the 
aforementioned templating strategies, they have not generated large mesoporous due to the high 
crystallization temperatures of zeolites. In addition, these approaches are expensive, quite 
limited in template sizes, and sometimes lack of crystallization of the alumina tetrahedrons 
within the zeolites, which are critical to ensure catalytic activity. 
The indirect templating has been a less investigated set of synthesis to prepare mesoporous 
zeolites, but it can solve some of the mentioned limitations of the above strategies.93,101 Indirect 
templating routes for the synthesis of hierarchical structure zeolites are mainly characterized 
for not using any template, and thus it is a more cost-friendly alternative. Indirect templating 
involves the transformation of another templated material into a hierarchically structured zeolite 
material or by controlled deposition of zeolite crystals onto a templated material. Only few 
indirect templating strategies have been reported like steam-assisted crystallization (SAC), 
solid-phase crystallization, and nanofusion.  
For example, to synthesize hierarchical mesoporous zeolite beta, the SAC method has been 
used in mixtures with concentrated gel precursors and structure-directing agent 
tetraethylammonium hydroxide (TEAOH). This method yielded a large mesopore size up to 60 
nm and pore volumes of 0.9 ml/g.102,103 The ultra-small beta particle-assembly causes the 
mesoporosity, and its growth continues by dense packing of the gel, and upon SAC, the 
nanoparticles condense into porous networks.  
Quasi-solid-state methods are similar to the SAC used to prepare micro-, meso-, and 
macroporous titanium silicalite-1 (TS-1).104 In this method, a mixture of dry-gel precursors 
combined with TPAOH and TEOS were mixed with glycerol and then was hydrothermally 
aged. The gradual transformation from the amorphous precursor to the crystalline TS-1 retained 
the hierarchical structure due to the quasi-solid-state system that contains glycerol, which 




Nanofusion is a strategy similar to the quasi-solid-state approach which uses concentrated 
precursor gels impregnated with TEAOH and are subject to hydrothermal conversion, yielding 
instantly 20-40 nm fused nanoparticles forming compacted aggregates that are separated by 
filtration105. Nanofusion shows high conversion and is more economically viable to produce 
mesoporous zeolites with tuned mesopores from 15 to 35 nm as a result of reaction time.  
All these methods have successfully incorporated, at least, the second degree of porosity 
without using secondary templates or sacrificial template. Also, these synthetic approaches 
have enlarged the pore size and, in some cases, increased the surface areas and pore volume. 
However, these methods still use high crystallization temperatures, long preparation times (e.g., 
ageing and/or reaction times), low yield, and non-defined morphologies of the products. In this 
thesis, a novel synthesis method for preparing mesoporous zeolites with the absence of 
mesopore template, and shorter preparation times and milder temperatures has been developed 
and more details are presented in Chapter 6 and Paper 3. 
 
2.2.2 CO2 capture in zeolites 
The combustion of fossil fuels has led to a release of approximately 32 Gt of CO2 annually, 
generating a dramatic climate change.106 Most of the CO2 emissions are generated from 
industrial thermal power stations, refineries, cement- and steel production. Several strategies 
have been proposed and investigated to tackle this global environmental issue and minimize the 
emissions, such as optimization of energy efficiency, clean coal technologies, afforestation and 
reforestation, and the use of renewable energies, among others. One very promising approach 
to minimize the CO2 release from the above sources is Carbon Capture and Storage (CCS). CCS 
has been considered a technology that can potentially reduce the amount of CO2 emissions up 
to 90%.107 One of the advantages of this approach is that it could eventually be implemented at 
existing energy infrastructures.108 The basic concept of CCS is to sequestrate and compress CO2 
generated from large source points, transport and deposit underground the crust of the earth or 
in empty oil-reservoirs.107–109 However, the capture step seems to represent the most expensive 
part of the entire process, and its cost must be reduced in order to be implemented in the current 
energy system. One of the most common materials used for the capture process are “liquid” 
amines such as alkanolamines.108,110 These amines are highly corrosive and must be 
appropriately diluted, leading to large solution volumes and large thermal losses upon heating 
and cooling off the solvent. This issue has led to the quest of finding new alternatives, as in the 
case of solid sorbents. Various porous solid materials have been suggested as potential 
candidates, such as activated carbons, metal oxides, metal-organic framework (MOFs), and 
mesoporous silica. Among these materials, zeolites appear to represent an alternative due to 
their sieving and adsorption characteristics along with low-cost industrial production. 
Zeolites have been considered one of the best inorganic solid sorbents for CO2 capture due to 
strong electric fields in the framework and its interaction with molecules with dipole or 
quadrupole moments as is the case of CO2 molecule. The mechanism of CO2 adsorption on 
zeolites shows that the physisorption of the gas molecule occurs as a result of a linear orientation 




have structures and active sites which make them highly shape- and size-selective and suitable 
for capturing CO2. Several types of zeolites have been considered as promising candidates for 
CO2 capture, below some of them will be briefly discussed.  
Zeolite A is one of the most investigated zeolites for gas separation and CO2 capture. It has a 
Si/Al molar ratio of around 1 and also has large cages and narrow pore windows of 8-membered  
rings that are comparable, in size, with the kinetic diameters of N2 and CO2.108,112 The pore 
window of zeolite A can be adjusted by changing its counterion (e.g., K+, Na+, Ca+2) leading to 
zeolite 3A, 4A, and 5A, respectively. The number denotes the size of the pore window opening 
(i.e., 3Å, 4Å, 5Å). Zeolite A has high electrical gradients, which might influence the high CO2 
uptake capacity. In one of the first studies, zeolite NaA exhibited a capacity to adsorb 4 mmol 
CO2/g at 273K and 101 kPa.113 Also, when the Na+/K+ ratio was varied in zeolite NaKA, it 
strongly influenced the adsorption capacity and CO2-over-N2 selectivity, showing an enhanced 
selectivity and rapid uptake in comparison to zeolite NaA.114–116 Another study investigated 
zeolite A with higher Si/Al ratios (≤5) and observed that the most increased uptake was a ratio 
of two and lower for ratio one and ratio five.117 Further, it was observed that zeolite A 
regenerates much more as the silica content increases due to the reduction of isosteric heat of 
CO2 adsorption.  
Zeolite NaX is another type of zeolite that has been extensively studied for CO2 capture.108,118 
It has cages interconnected by 12-membered ring openings and a Si/Al molar ratio of 
approximately 1, and sodium cations balance the charge. The adsorption of CO2 in this zeolite 
occurs via equilibrium mechanisms where CO2 is mostly physisorbed, and a tiny amount of the 
gas is chemisorbed.108 Zeolite NaX has shown to have higher uptake capacity than zeolite A 
obtaining a CO2 uptake of 5.5 mmol/g, whereas their zeolite A reached 3.5 mmol/g.119 In 
addition, it has also shown high uptake at low pressures than in activated carbon which has a 
much higher surface area.120 However, the uptake of CO2 on zeolite NaX can be strongly 
reduced when water is present in the gas mixture due to the high hydrophilicity of the zeolite. 
This observation was found in a study that investigated the effect of water in the gas mixture, 
showing a reduction from 3 mmol/g at 0.1 bar to 1.2 mmol/g. 121,122 Water molecules tend to 
adsorb strongly to the cations, reducing the electrical field gradients within zeolite, and 
therefore CO2 cannot adsorb on it. The use of more hydrophobic zeolite NaX or to regulate the 
adsorption of CO2 over water could be one of the alternatives to mitigate this problem.121,122 
Zeolite Y has a very similar framework to zeolite X but has a slightly higher Si/Al molar ratio 
of 2-3 and a lower number of cations, making zeolite Y less hydrophilic.108 Zeolite Y has also 
been investigated as an adsorbent for CO2 capture, involving temperature and pressure 
variations and exchange in the cation from sodium to barium and lanthanide.123,124 The latter 
showed that LaY and BaY have weaker chemisorption than NaY. Further studies on ion-
exchanged zeolite Y were developed; one investigated the effect of the strong interaction of the 
CO2 on the cations and oxygens within the framework of zeolite CsY and KY at  low 
pressures.125 Other reported ion-exchanged zeolite NaY with cations of copper (II), calcium, 




Zeolites are preferred to be more hydrophobic for CO2 capture applications since most of the 
flue gases contain significant amounts of water that strongly interferes with the CO2 adsorption 
process. Zeolites with a high Si/Al molar ratio tend to be more hydrophobic. Zeolite beta has 
shown higher hydrophobicity due to the large Si/Al molar ratio (i.e., 8). Ion-exchanged zeolite 
beta with potassium ions showed the best performance over other type of cations (i.e., Na+, Li+, 
Ba2+, Ca2+, Mg2+), having a CO2 uptake of approximately 3 mmol/g at 298 K and 1 bar and 
selectivity over nitrogen between 17-28.5.127 Changes in the charge compensating cation (H+ 
by Na+) and in the Si/Al molar ratio resulted in differences in the CO2 uptake and selectivity.128 
Moreover, synthesis methods play a significant role in the adsorption of CO2; that was the case 
for zeolite beta synthesized in microwave conditions, exhibiting an enhanced CO2 uptake of 
2.16 mmol/g, compared to 1.94 mmol/g for zeolite beta prepared under conventional 
hydrothermal synthesis. This improvement was attributed to the higher incorporation of 
aluminum content and more hydrophobic synthesis.129  
Zeolites can also be prepared as CO2-selective permeance membranes for CO2 capture, as is the 
case of MFI-type zeolites that are highly siliceous zeolites, increasing the hydrophilicity and 
offering the possibility to have a better separation of CO2 from flue gases in humid conditions. 
Various zeolite MFI membranes were reported exhibiting uniform thickness and preferable 
permeation for CO2. One study prepared high silica ZSM-5 membranes, exhibiting an 
interesting preference for CO2 gas, which flows through faster than helium and hydrogen gases. 
Moreover, it had a CO2/air separation factor of 3 and permeance of 5 x 10-7 mol/m2s Pa.130 
Surface-modified ZSM-5 zeolite membranes exhibited a CO2/N2 separation factor of 
approximately 15 at 373 K at feed pressure 400 kPa and permeance of 3.6 x 10-8 mol/m2s Pa. 
Moreover, it was explained that the permeation of CO2 is governed by adsorption and diffusion 
through the zeolite micropores.131 Zeolite MFI membranes have also been investigated upon 
variation of the Si/Al and the effect on the permeance and selectivity towards CO2. A study 
prepared ZSM-5 membranes with three different Si/Al molar ratios (i.e., 152, 47, 26) supported 
on alumina discs to separate CO2 and methane.132 The permeances for CO2 were 1.42 x 10-5, 
9.8 x 10-6, and 7.1 x 10-6 mol/m2s Pa and CO2/CH4 separation factors of 1.4, 2, and 3.1, 
respectively, at 298 K and feed pressure of 700 kPa.  
Various investigations have studied silicalite-1 membranes as potential CO2-sorbent 
membranes due to the suitable channel window size and high thermal stability.133 Several 
silicalite-1 membranes were reported studying single or binary mixtures of CH4 and CO2. 134–
137 It was observed that defect-free membranes are more favorable for CO2 permeation and 
selectivity over methane, showing a higher adsorption affinity of the zeolite to CO2. A 
silicalite-1 membrane was reported with the straight channels uniformly aligned and studied for 
the separation of CO2 and hydrogen.138It exhibited permeance for CO2 of approximately 5.0 x 
10-6 mol/m2s Pa and a CO2/H2 ratio of 31 and CO2/CO ratio of 15 at 273 K and feed pressure 
of 9 bar. 
In Chapter 6 and in Paper 4, a new hybrid zeolite bio-based foam is presented and discussed. 
In these foams colloidal silicalite-1 particles are utilized as a model to determine the potential 




binders used to process zeolite materials which prevent them to exploit the maximum capacity 
































3. Background: Ordered Mesoporous Carbons 
 
Porous carbon materials have attracted considerable attention due to their outstanding 
properties, including large surface area, high pore volume, good thermal and mechanical 
stabilities, electric conductivity, low density, high abundance of precursors, and easy 
processing.11,12,139 Therefore, many applications have utilized porous carbons, such as gas 
separation, water purification, catalyst supports, gas storage hosts, and electrodes for energy 
storage and conversion. From a mass transport perspective, mesoporous carbons are especially 
attractive. Their pore size span (2-50 nm) enables access to a larger number of molecules, and 
their specific surface area does not reduce significantly compared to microporous carbons. 
Many efforts have been devoted to synthesize mesoporous carbon using a variety of preparation 
methods such as chemical or physical activation or combination of both;140,141 catalytic 
activations of carbon precursors with organometallic compounds;142,143carbonization of 
thermosetting or a pyrolyzable component;144,145 and carbonization of aerogels under 
supercritical drying conditions.146–148 However, all these methods lead to broad pore-size 
distributions with non-uniform porous structure.149 This disorder might affect the performance 
in many of the energy applications. Ordered mesoporous carbons (OMC) is a class of 
mesoporous carbons in which the pore size distributions are narrower, and the pores are ordered 
on the mesoscopic scale. This class of porous carbons has emerged to overcome the mass 
transport issues existing in classical ordered microporous materials (i.e., zeolites, MOFs), 
holding similar surface areas or larger. Also, the search for OMCs have motivated development 
of new synthesis strategies.  
 
3.1 Synthesis of ordered mesoporous carbons (OMC) 
In the last 20 years, the synthesis of OMCs has been growing rapidly.150 The focus of the 
different reported studies has been the use of templates to form ordered porous structures. These 
studies have been mainly divided into hard-templating and soft-templating approaches. Based 
on these, different synthesis parameters have been studied, including formation mechanism and 
synthesis variables such as carbon precursors, type of block copolymer and mesoporous silica 
templates, temperature and environment conditions, among others. 
 
3.1.1 Hard-templating synthesis 
The first reported hard-templated porous carbon was conducted by Knox et al. using silica gel 




principle behind this synthesis approach is still applicable: i) preparation of the hard template 
with ordered structure (silica gel, mesoporous silica), ii) infiltration or impregnation of the 
template with the carbon precursors, iii) polymerization and/or carbonization of the precursors 
and iv) dissolution or etching of the template (see Figure 3). The space occupied by the template 
is transferred to the carbon structure, forming a continuous carbon framework. A long time 
passed until the first ordered mesoporous carbon was reported in 1999 by Ryoo et al. using the 
MCM-48 silica as a template.152 In this method, the MCM-48 was impregnated with a sucrose 
solution and sulfuric acid and subject to temperatures up to 1100 °C. The silica framework was 
etched with HF or an ethanolic NaOH solution. The average mesopore size was around 3 nm, 
with a cubic structure and the crystallographic space group I41Ia. 
 
Figure 3. Schematic representation of a hard-templating approach to preparing OMCs. (Taken from reference.153) 
Since then, several silica templates have been used, including MCM, SBA, FDU series, to 
synthesize OMCs. With these templates, cubic (e.g., FCC, BCC) and hexagonal structures have 
been obtained with an average pore size range between 2 and 12 nm.139,154 During the 
polymerization and subsequent pyrolysis, the chemical structure of the precursor will determine 
the shrinkage of the framework leading to micropore formation, which has a large impact on 
the surface area and morphology. Many precursors have been implemented including, low 
molecular-weight molecules such as sugar, sucrose, furfuryl alcohol, and dense structures as 
pyrene, polyacrylonitrile, acenaphthene, among others.12,139 Low-molecular precursors lead to 
a framework shrinkage, thus increasing the pore size and surface area, and generating some 
microporosity in the structure. On the other hand, the dense structures replicate the porous 
structure with a minimal shrinkage of the framework, and therefore no microporosity is 
formed.12,139,154  
The advantages of using silica templates are: a facile replication of the highly ordered porous 
structure, the use of hard templates ensures that the structure is better maintained during 
pyrolysis and it is a feasible approach to large-scale production. One big drawback is that 
removing the template is time-consuming, and the use of acid or base treatments is not an easy 
step in terms of safe handling of such chemicals.  
Overall, the experimental protocol of hard templating to synthesize mesoporous carbons 
employing mesoporous silica is a time-consuming process since many steps are needed so that 
a mesoporous carbon structure is produced. Especially the time required to prepare and to 
remove the template. Thus, many efforts have been cast on developing much more facile 






3.1.2 Soft-templating synthesis 
The direct preparation of OMCs by self-assembly of surfactants or block copolymers and the 
carbon precursor has been investigated by many authors.155,156 The main advantage of this 
method is that no template must be removed after the pyrolysis step. During the preparation by 
soft-templating, the interaction between the surfactant and the carbon precursor occurs by 
hydrogen bonding, which leads to polymerization of the precursor, which afterwards is 
pyrolyzed to form the mesoporous structure. Reported soft-templated OMCs have shown 
average pore sizes between 3-7 nm with different morphologies, including spheres, monoliths, 
films, among others.157–159 One of the most investigated soft-templating procedure is the 
evaporation-induced self-assembly (EISA). In the EISA, the ordered structure formation takes 
place on the surface where the solvent evaporates, thus producing the OMC films. By this soft-
templating approach, different ordered porous structures (e.g., hexagonal, lamellar, 
bicontinuous, BCC) have been easily prepared by only changing the mass ratio between the 
carbon precursor (i.e., resol) and the surfactant.  
The main limitations in soft-templating procedures are related to the availability of block 
copolymers and the carbon precursor, since the interaction between the precursor and the block 
copolymer is quite limited. The most investigated carbon precursors have been resol and 
resorcinol-formaldehyde systems. As block copolymers polystyrene-b-poly(4-vinylpiridine) 
(PS-P4VP) and poly(ethylene oxide)‐b‐poly(propylene oxide)‐b‐poly(ethylene oxide) (PEO‐
PPO‐PEO) are the most commonly used.139,154 In addition, as a result of the soft-templating, the 
OMCs are more challenging to graphitize than in hard-templating approaches.  
 
3.1.3 N-doped OMC synthesis 
The type of templating approach and chemical nature of the precursor are crucial to tune and 
tailor some of the properties of the OMCs, including pore size, specific surface area, pore 
volume, chemical, and thermal stabilities. The incorporation of heteroatoms (e.g., O, N, S, B, 
P) or doping has improved the electronic properties and enhanced catalytic or sensing 
performance.160 These new mesoporous carbons have led to the development of electrodes for 
energy and conversion applications, specifically supercapacitors and fuel cells.  
Doping is the replacement of some carbon atoms in the structure with heteroatoms that 
significantly modify the electrical and electronic properties of the material. Doping of OMCs 
can occur by two different methods: in-situ incorporation during the synthesis or surface 
functionalization. The latter only modifies the surface properties, and most of the cases do not 
change the bulk properties, whereas in-situ incorporation can distribute the heteroatoms more 
homogeneously within the carbon framework. Also, the availability of nitrogen-carbon 
precursors is high, leading to great a variety of possibilities to prepare N-doped OMCs. 
Nitrogen-doped carbons (NCs) have been shown to improve the capacitive properties of porous 




for electrode materials over the last decade.163 In the preparation of N-doped OMCs, hard- and 
soft templating approaches still apply.  
As described previously, silica templates have been the most used template for hard-templating 
approaches. Various studies have used SBA-15 as a hard template in combination with several 
nitrogen-containing precursors such as gelatin,164 dicyandiamides,165 dopamine,166 pyrrole, 
aniline and phenanthroline,167 urea,168 aminoacids,169 among many more. These procedures led 
to N-doped OMCs with tuned properties, including specific surface areas (700-2000 m2/g), pore 
volume (0.9-2.5 ml/g), average pore size (2-10 nm) and nitrogen-doping content (0.5-11 wt-
%).160 Other studies have used other types of silica templates such as porous spheres and KIT-
6. 
On the other hand, nitrogen-doped OMCs prepared by soft-templating procedures have 
presented low thermal stability and nitrogen-doping content due to the decomposition of the 
nitrogen precursor in the presence of high oxygen-content surfactants. Also, the high pyrolysis 
temperatures can have a strong impact on the nitrogen-precursor decomposition.163 As 
mentioned in the previous section, the soft-templating method lacks template availability, and 
this narrows the available nitrogen sources, limiting the number of studies using this method. 
The reported studies in N-doped OMCs synthesized by soft-templating approach have used 
Pluronic™ block copolymers as the main surfactants and various nitrogen sources, including 
dicyandiamide,170 hexamethylene-tetramine,171 melamine,172 ammonia.173 Some of these 
approaches managed to incorporate nitrogen-doping content higher than 10% (e.g., 13.1 wt-%), 
but their surface areas were comparably low (e.g., 600 m2/g). 
 
3.2 Applications of ordered mesoporous carbon in fuel cells 
Due to the large surface areas, ordered porous structures, and the availability of functional 
groups, OMCs have been investigated in environmental applications (e.g., separation of gases, 
removal of heavy metals, desalination), electrode materials (e.g., supercapacitors, batteries, 
sensors) and catalyst and catalyst supports, e.g. in fuel cell applications.  
Fuel cells are electrochemical devices that can convert chemical energy into electrical energy 
through electrochemical reactions. One of the most common and studied fuel cells is the proton 
exchange membrane fuel cell (PEMFC), where oxygen and hydrogen react to form water. The 
reactions are divided into two half-cell reactions. At the anode, the hydrogen oxidation reaction 
(HOR) takes place, whereas at the cathode the oxygen reduction reaction (ORR) occurs. 
Without catalysts, the overall reaction is a very slow process, and therefore catalysts are needed 
to overcome the energetic barriers and increase the reaction rate. Platinum alloys have been the 
most efficient and commonly used catalysts for both HOR and ORR, and carbon materials have 
been used to support them. 
OMCs have also been used to support platinum nanoparticles, showing better capabilities than 
those of similar carbon materials due to the formation of small uniform nanoparticles over the 




results have been observed on platinum-based catalysts and other precious metals (e.g., 
palladium).176,177 However, the scarcity and cost of platinum are the main reasons against 
platinum-based catalysts in commercial fuel cells. Therefore, new strategies to prepare non-
platinum electrocatalyst have been investigated, especially for the ORR, which needs large 
amounts of platinum catalyst so that the efficiency reaches sufficient values.  
Heteroatom doping of carbons is one studied approach that has shown high metal-free catalytic 
activity for ORR.178 Several N-doped carbons have been developed, such as carbon nanotubes, 
carbon nanofibers, graphite, graphene, and mesoporous carbon.179,180 The good catalytic 
activity is attributed to their unique electronic properties due to the conjugation between the 
electron pair of the nitrogen and the graphene π system.181 However, very few N-doped 
mesoporous carbons have shown stability in acidic conditions where PEMFCs are preferably 
used.182 
N-doped OMCs have also been used to prepare transition metal and N-doped OMCs. One of 
the first N-doped OMC was prepared by first preparing an N-doped OMC (CNx) using 
polyacrylonitrile (PAN) as a nitrogen precursor and SBA-12 as the hard template.183 After 
formation of the N-doped OMC, it was pyrolyzed together with iron acetate at 1000 °C to form 
Fe-N-doped OMC. This catalyst exhibited better performance towards ORR than the pristine 
N-doped OMC. Likewise, other Fe-N-doped OMC material was synthesized by preparing N-
doped OMC with the different mesoporous silica SBA-12, SBA-15, and SBA-16, and 
polyaniline as templates and nitrogen precursor, respectively.184 Subsequently, it was pyrolyzed 
with FeCl3. The resultant Fe-N-doped OMC exhibited better ORR activity than their pristine 
N-doped OMC and it was also found that Fe-N-doped OMC prepared from SBA-15 was the 
most effective catalyst due to the mesopore size of 4.3 nm.  
A new class of transition-metal N-doped OMC was reported by Dombrovskis et al.185 Fe- and 
Co-N-doped OMCs were prepared by a one-step synthesis, conducting a nano-casting process 
using KIT-6 cubic mesoporous silica with furfurylamine and the transition-metal salts as 
carbon-nitrogen precursor, and transition-metal source, respectively. This process was done 
with the intention of simultaneously prepare ordered mesoporous carbon and generate 
transition-metal nitrogen chelating active sites. As expected, the catalytic activity towards ORR 
was enhanced by the presence of the transition-metals sites compared to OMC and N-doped 
OMC materials. Further, it was found that the catalytic activity towards ORR, was superior for 
Fe-N-doped OMC in comparison with Co-N-doped OMC that showed degradation effects at 
high temperatures (i.e. 80 °C). 
Based on this synthetic strategy, further studies followed, wherein the effect of synthetic 
variables including the degree of hydration of the iron salt, molar ratio of iron salt/C-N-
precursor, combination of carbon-nitrogen, and aging time of precursors were investigated.186–
188 It was found that using a sodium hydroxide-based etching method to remove the silica 
template in Fe-N-doped OMC materials, has a positive effect in the catalytic performance of 
the materials, in comparison with the traditional HF-etching methods. This effect can be 
explained by the increase in the carbon mesopore diameter and possibly the improvement in 




exhibited an improvement in the structural properties including the specific surface area, pore 
volume and meso-order, and in the catalytic activity. This result is based on the reactivity of 
the irons salts towards the precursor polymerization. In case of the hydrated iron salt, it shows 
that the precursors polymerization has a slower reaction compared to a more violent and 
exothermic polymerization reaction using anhydrous iron salt.  
High iron content, given by the high molar ratio of the iron salt and precursor, seems to impact 
the catalytic activity but results in large ohmic losses and limited mass transport properties at 
high current density region. Besides, the ageing effect of mixtures between iron salts and the 
precursor exhibited a positive impact on the catalytic performance, showing a significant 
improvement from freshly prepared solution to 24 h ageing time, but then little improvement 
up to 7 days. 
In Chapter 7, a study of varying the iron salt counter anion is presented in order to investigate 
whether the change in the anion could induce more iron incorporation during the synthesis of 

























4. Experimental methods for porous materials 
 
4.1 Dynamic light scattering (DLS) 
DLS is a particle size analysis method based on the hydrodynamic particle mobility that has 
been used for the characterization of sub-micron particles and some macromolecules.189,190 The 
principle is a time-resolved measurement of the scattered light after the interaction with matter 
in a solvent. Due to the Brownian motion of the particles in the solvent, the scattered light 
intensity oscillates around an average value191. These fluctuations provide information about 
the translational diffusion of the particles based on a correlation function that can describe how 
long the particle remains in the same spot over a specific time. This correlation function can be 
used to determine the size or the hydrodynamic diameter of the particle from its diffusion 





Where kB is the Boltzmann constant, T is the absolute temperature of the colloidal sol, 𝜂 the 
viscosity of the solvent, and rH is the hydrodynamic radius of the particle.  
However, the data interpretation has to be carefully analyzed since the particle size is 
determined for dilute suspensions and assumes spherical particles.192 Thus, limitations 
regarding shape and concentration are present. 
The first use of DLS for semi in-situ monitoring of the formation of colloidal zeolite crystals 
from clear solutions was done by Schoeman and Persson et al.26,64 These studies could be 
conducted and provide relevant information about zeolite formation due to the nature of the 
colloidal zeolites at synthesis temperature (< 100 °C) since they have a size less than 100 nm 
and their shape is practically spherical. It was also observed that the linear growth rate was 
much lower than those reported earlier for gel-based zeolite synthesis. The positive findings 
allowed DLS to be an important characterization technique for mechanistic growth studies.  
In this thesis, DLS is used to determine particle size evolution over the reaction time and 
analysis after further reaction treatments in Chapter 5. The DLS instrument used was a Zetasizer  
Nano ZS from Malvern. Dilution of the samples was needed for better results. The algorithm 
used for fitting the correlation function is the non-negatively least squares (NNLS), thus 






4.2 X-ray diffraction (XRD) 
X-ray diffraction is one of the most common spectroscopy methods for identifying and 
characterizing the structure of crystalline materials.193 In short, a collimated beam is irradiated 
onto the crystal, and a part of the X-rays will be diffracted at certain angles. The crystals have 
periodic arrays of atom planes that allow the X-rays to diffract as the wavelength is in the range 
of interplanar distances. Coherent diffraction is expected for crystals and occurs in accordance 
with the requirements of Bragg´s Law: 
2𝑑 sin𝜃 = 𝑛𝜆 
Where d is the spacing between crystallographic planes of atoms, θ is the angle between the 
incident X-ray and the plane of atoms, n is an integer representing the diffraction integer, and λ 
is the wavelength.  
The most common wavelength in XRD experiments is λ=1.5418 Å, corresponding to the Cu 
Kα radiation. The diffracted angles can be scanned, and the intensity of the radiation can be 
measured. A diffraction pattern is obtained from these scans that can be used to identify the unit 
cell parameters and atomic positions within the lattice. Using structural refinement methods 
crystallites sizes, sample concentration, and defect or impurity concentrations can be calculated. 
Herein, XRD measurements were conducted to identify and confirm the MFI pattern of the 
synthesized colloidal zeolite particles in Chapter 5 and similarly in the mesoporous zeolite 
microspheres in Chapter 6. In addition, the Fe/N-doped carbons were also evaluated by XRD 
in order to study the effect of the anion on the graphitization of the mesoporous carbons in 
Chapter 7. The measurements were carried out on purified calcined zeolite powders in a 
Siemens D-5000 X-ray diffractometer using a Cu Kα radiation. 
 
4.3 Scanning electron microscopy (SEM) 
Scanning electron microscopy is a standard tool for studying morphology, surface 
characteristics, size, and homogeneity of materials.194 SEM uses a high-energy beam of 
electrons (typically 1-20 kV) ejected from an electron gun and directed onto the surface of the 
sample. Upon interaction with the sample’s surface, secondary electrons, backscattered 
electrons, and characteristic X-rays are produced and contain information about the sample’s 
topology and chemical composition. The signals of the secondary electrons are transformed and 
generate the image of the sample, whereas the X-rays emissions determine the general 
elemental composition of the sample.  
In this thesis, the objective was to study the size and morphology of the colloidal zeolite 
particles, and morphology of the honeycomb structure of the hybrid zeolite foams and 
mesoporous zeolite microparticles and their distribution throughout the spheres, in Chapter 5 






4.4 Nitrogen physisorption analysis 
Nitrogen physisorption is a commonly used method to characterize the textural properties of 
porous materials such as specific surface area, pore size, pore volume, and pore size 
distributions.195 The principle of this method is based on nitrogen adsorption at constant 
cryogenic temperatures over a certain range of pressures. The physisorption process occurs 
when the gas molecules interact with the surface atoms of the solid. The solid has a bonding 
deficiency at this temperature so that neither bonds can be broken nor formed, and only Van 
der Waals forces are involved.  
In a typical experiment, the sample powder is weighed and dried to remove physically adsorbed 
molecules, and then it is transferred to a tube and attached to the instrument. The physisorption 
process begins with degassing the sample to remove remaining adsorbed molecules, and 
nitrogen is administered to increase the adsorptive pressure until the maximum pressure 
required and then the pressure decreases so the gas molecules are desorbed. The information 
obtained is transformed into adsorption/desorption isotherms, where the adsorbed gas is 
quantified against the relative pressure. Surface area, pore-volume, and pore size distributions 
can be determined from the isotherms. The specific surface area of the material can be 
calculated from the first adsorbed monolayer of nitrogen, using the well-known Brunauer-
Emmet-Teller (BET) method.196 The mesopore size was determined using he Barrett, Joyner, 
and Halenda (BJH) method 
In this thesis, nitrogen isotherms were measured using a TriStar 3000 instrument from 
Micromeritics. The samples were degassed for a minimum of 5 h at 200°C under a nitrogen 
flow before these measurements. Nitrogen physisorption was used to measure the specific 
surface area, pore size distribution and pore volume in all the samples synthesized and prepared 
in this thesis in Chapter 5, 6 and 7. 
 
4.5 Solid-state 27Al magic angle spinning (MAS)-nuclear magnetic resonance (NMR) 
Solid-state 27Al MAS NMR spectroscopy is a powerful tool to study the aluminum species in 
zeolite frameworks. This technique can provide information about the chemical and geometrical 
environments of the aluminum within the framework, including the oxygen coordination, local 
symmetry, and concentration of aluminum species both in framework and extra-framework 
locations. In this thesis, we determined the coordination of aluminum within the MFI structure 
of ZSM-5 particles before and after acid-treatments by means of this method presented in 
Chapter 5. The 27Al MAS-NMR spectra were recorded using a Bruker 500 MHz AVANCE III 
Solid State NMR Spectrometer at 130.32 MHz with a 4 mm XH CP MAS probe with 
acquisition parameters as follows: spinning frequency of 11 kHz, repetition delay was set to 






4.6 Compression mechanical testing 
Compression tests were conducted to determine the mechanical properties of the hybrid foams 
in this thesis and presented in Chapter 6. The tests were carried out in an Instron 5966 Dual 
Column Tabletop Testing System equipped with a load cell of 100 N. Prior to the compression 
test, the samples were conditioned for 40 h at 50 ± 5% relative humidity and 23 ± 2 °C. The 
compression test was performed at 25 °C and at a speed of 1 mm/min until the sample was 
compressed to 80 % of its original height or when 95 N of force was applied. 
 
4.7 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis is a method that allows the determination of the mass of a sample 
as a function of temperature. The TGA measurements provide information about thermal 
stability, phase transitions, solid-gas reactions, chemi- and pshysorption, among others. In this 
thesis, TGA was used to measure the content of zeolite in the hybrid foams in Chapter 6 and 
the residual mass of the Fe/N-doped mesoporous carbons in Chapter 7. For the hybrid foams, 
the TGA measurements were carried out on a TA Instruments Discovery thermobalance from 
30 to 700 °C under air atmosphere at 10 °C/min. For the carbon, the measurements were carried 
out on a Mettler TGA-DSC from 30 to 900 °C at 30 °C/min and isotherm at 900 °C for 20 min 
under air atmosphere. In addition, gravimetric gas sorption tests were conducted using N2 and 
CO2 at 25 °C to determine the gas uptake of the hybrid foams by the weight difference upon 
switching from N2 to CO2 atmosphere. 
 
4.8 CO2 and N2 volumetric physisorption 
This method is based on a mass balance principle which is based on measurements of pressures, 
volumes and temperatures. The volume adsorbed on the material is determined as a function of 
the equilibrium pressure at specific temperature. In the thesis, volumetric measurements were 
carried out for the hybrid foams to study their gas-sorption capacities. The volumetric CO2 and 
N2 adsorption isotherms were recorded using a Micromeritics ASAP 2020 adsorption analyzer 
at 35 °C. Prior to gas-adsorption measurements, samples were degassed under vacuum 
conditions for 10 h at 100 °C.  
 
4.9 Small angle X-ray scattering (SAXS) 
Small angle X-ray scattering (SAXS) is a technique that investigates the periodicity of materials 
at the mesoscale (i.e., 1-100 nm) and provides details about the meso-order, morphology, 
orientation, among others.197 In the thesis SAXS was used to identify the cubic order and 




Chapter 7. The SAXS measurements were performed on a Mat:Nordic SAXS instrument from 
SAXSLAB using a Cu K radiation source. 
 
4.10 Rotating disk electrode (RDE) measurements 
RDE is a commonly used method for studying the electrocatalytic activity of electrocatalysts 
towards ORR in terms of both the electron transfer process on the catalyst surface and the 
kinetics near the catalyst. In this thesis, RDE measurements were carried out using a three 
electrode RDE setup from Gamry Instrument in 0.1 M HClO4 solution. The results are presented 
in Chapter 7. In short, Ag/AgClsat and a graphite rod (6 mm diameter) served as reference and 
counter electrode, respectively. The catalyst inks were prepared by mixing 10 mg catalyst, 95 
μL Nafion® solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich) and 350 μL 
ethanol (99.5 % Solveco). After sonication (30 min) 5 μL of the ink was deposited on a polished 
glassy carbon rotating disk electrode (5 mm diameter, Gamry Instrument) and dried in room 
temperature for 30 min. The ORR polarization curves were recorded following a stepwise 
program, every 30 mV, with a hold time of 60 s, starting at 1 V to -0.25 V (versus RHE) in O2-
saturated electrolyte. The potential was held at the open circuit potential for 120 s before every 
polarization experiment. A polarization curve was measured for each catalyst at four different 
rotation rates (100, 400, 900 and 1600 rpm). The Koutecky-Levich equation was applied to the 






















Here, iL is the diffusion limiting current and ik the kinetic current. The coefficient B used to 
calculate the number of electron transfer mechanism for each catalyst was obtained from the 
Faraday constant (F=96485 mol-1), the electrode area (A=0.196 cm2 ), the concentration of O2 
in 0.1 M HClO4 (C0=1.2x10-3 mol L-1), the diffusion coefficient of O2 in 0.1M HClO4 
(D0=1.93x10-5cm2 s-1), and the kinetic viscosity in HClO4 (v=0.00893 cm2 s-1). 
 
4.11 PEM fuel cell tests 
Electrochemical evaluations of the Fe-N-doped OMCs were conducted in a commercial 5 cm2 
single cell PEM fuel cell from Scribner Assoc. using an electrode area of 2.56 cm2. The 
measurements were carried at 80 °C. The cell was fueled by fully humidified 100% H2 and 
using synthetic air (instrumental grade from AGA) as a fully humidified oxidant . A total back-




curves were measured for each catalyst in cycles (cyclic voltammetry) with a Gamry (Reference 

















As described in Chapter 2, zeolite formation has been thoroughly studied, especially for 
macrocrystal synthesis. However, gel-based synthesis presents multiple phases where the 
nucleation and growth involve several condensation and equilibria steps. Thus, the elaboration 
of a more rational explanation of the zeolite formation is still needed. With the advent of the 
synthesis of colloidal zeolite particles from clear homogeneous solutions over the past three 
decades, there has been a considerable increase in the number of studies to understand the 
crystal growth due to the synthesis of well-defined discrete particles. The synthesis of these 
particles in cooperation of the available characterization techniques facilitate the interpretation 
of the growth mechanism. In the following sections and in more detail in Paper 1 and Paper 2, 
we present a new growth model based on the role of chemical solution equilibria on the growth 
of zeolites and on the properties of colloidal particles. 
 
5.1 Dynamic equilibrium between condensation and dissolution reactions in colloidal 
silicalite-1 synthesis. 
In a study by Persson et al.,26 a series of experiments demonstrated the effect of various 
synthesis variables on the linear growth rate, final particle size, conversion yield, and particle 
concentration in the synthesis of colloidal silicalite-1 particles. The study followed a synthesis 
recipe with molar composition:  
9 TPAOH : 0.1 Na2O : 25 SiO2 : 480 H2O : 100 EtOH 
After this, several studies followed the same recipe. In this thesis and in Paper 1, we neglected 
the presence of sodium since at this low amount it has shown limited effect on the synthesis of 
silicalite-1. Instead, we studied three syntheses with molar composition: 
x TPAOH : 25 SiO2 : 480 H2O : 100 EtOH 
where x corresponds to 5, 9, and 12 to study the effect of the tetrapropyl ammonium hydroxide 
(TPAOH). Prior to the synthesis, a hydrolysis step was carried out at room temperature for 24 
hours. The clear solutions were transferred to an oven and conducted at 98 °C in closed 
polypropylene bottles. In order to monitor the zeolite formation and characterize the products, 




The growth of colloidal silicalite-1 particles was studied for three syntheses and monitored with 
DLS, as shown in Figure 4. The syntheses are labeled Sx, where x corresponds to the value of 
TPAOH in the molar composition of the synthesis recipe. 
 
Figure 4. The average size of silicalite-1 particles as a function of reaction time for three synthesis mixtures, Sx, with the 
molar composition x TPAOH : 25 SiO2 : 480 H2O : 100 EtOH. S5 - red dots, S9 - black squares, and S12 - blue triangles. 
The three syntheses exhibited linear growth rates and final average particle sizes, in accordance 
with previous studies.26,199,200. It is observed that the linear growth rate and final particle size 
decreases as the TPAOH content increases. In addition, as the amount of TPAOH increases, the 
conversion becomes lower, whereas the particle concentration increases, as shown in Table 1. 
 
Table 1. Influence of the TPAOH content on conversion yield of SiO2 to silicalite-1, final average particle size, linear growth 
rate, particle concentration, and theoretical final average particle size expected for 100 % conversion yield in synthesis 
mixtures with molar compositions x TPAOH : 25 SiO2 : 480 H2O : 100 EtOH. 
Run (Sx) Conversion 
yield (%) 
Final average 
particle size (nm) 




(#/g sol) · 10-13 
Theoretical final average 
particle size at 100 % 
conversion yield (nm) 
S5 87.0 161 10.4 3.10 168.5 
S9 65.5 105 5.3 8.01 121.0 
S12 45.0 62 2.7 11.2 82.8 
 
For all three runs, the growth of the particles suddenly stops before full conversion has been 
achieved and it is clear that the conversion yield decreases with increasing TPAOH content. 
This premature termination has not been extensively studied, and the aim of this thesis and in 
more detail in Paper 1 is, therefore, to establish that a pH-dependent dynamic equilibrium 
between the condensation and dissolution reactions can explain this behavior. 
There are two realistic explanations for the termination of the zeolite growth. The first being 
the depletion of nutrients and the second a dynamic equilibrium between the rates of 
condensation and dissolution reactions has been reached. The first explanation is clearly not the 




zeolite precursor species in solution at the point when growth stops. Therefore, we will discuss 
the second explanation in the following to understand the termination of growth.  
A series of post-synthesis experiments were conducted to describe the equilibrium between 
growth and dissolution as well as provide a method to circumvent the premature termination 
and obtain 100 % conversion yield. To this end, a series of post-growth and mid-growth 
adjustments were carried out varying the synthesis mixture´s pH using solutions of either 2 M 
HCl solution or 1M TPAOH. The colloidal particles exhibit almost spherical morphology and 
show the typical MFI crystalline XRD patterns (see Figure 5b) and textural properties typical 
of silicalite-1. 
Figure 5. a) SEM micrographs of colloidal silicalite-1 nanoparticles and b) XRD diffractogram of colloidal silicalite-1 
nanoparticles for run S9. 
As an example, Figure 6 shows the development of the colloidal particles of the post-synthesis 
pH-treatment of the synthesis mixture in run S9 either with acid or base additions. 
 
Figure 6. The average particle size development as a function of reaction time for samples S9 - black dots, S9A – red 







After adding the HCl solution, a second particle growth is observed. An increase in both the 
final particle size and yield is obtained, reaching a new equilibrium between the zeolite particles 
and a new pH of the modified solution. Certainly, this shows that after changing the pH at the 
equilibrium, the condensation reaction is favored, leading to almost 100 % conversion. On the 
other hand, when the TPAOH solution was added to the synthesis mixture, a decrease in both 
the particle size and synthesis conversion is observed, indicating that the increase in solution´s 
pH favors the dissolution of the zeolites until a new equilibrium is reached again. This 
equilibrium is considered to be between the colloidal particles, silicate oligomers, and clusters 
of oligomers. Analogous results were found for the syntheses S5 and S12 following the same 
trend. Upon acid addition, there is an increase in particle size and conversion. Upon base 
addition, the particle size and conversion are reduced. 
For comparison, we have calculated the diameter of the particle, assuming a spherical shape 
and constant concentration of particles and 100 % and 41% for S9 (see Table 2). The calculated 
diameters are in close agreement with the experimental values, thus evidencing that the pH 
changes do not affect the number of particles and only influence either the condensation or 
dissolution. The other syntheses show similar results, as shown in Table 2. 
Table 2. Influence of post-synthesis additions of HCl (S9A) and TPAOH (S9B), respectively on the conversion yield, final 
average particle size, linear growth rate, and particle concentration for a synthesis mixture with molar composition 




















(#/g-sol · 10-13) 
Estimated final average 
particle size at 
conversion of 100% / 
(49% for S5, 41% for S9 
and 32% for S12) (nm) 
S5 - 87.0 161 10.4 3.01 168.6/132.9 
S5A HCl 99.5 170 10.4/6.0 2.92 - 
S5B TPAOH 49.0 134.3 10.4/-5.4 2.8 - 
S9 - 65.5 105 5.0 8.01 121.0/89.5 
S9A HCl 98.5 122 5.0/7.4 7.91 - 
S9B TPAOH 41.0 90  5.0/-6.0 7.94 - 
S12 - 45.0 62 2.7 11.20 81.0/55.3 
S12A HCl 93.0 80 2.7/8.3 10.97 - 
S12B TPAOH 32.0 56.7 2.7/-6.9 10.86 - 
 
It is well known that the pH of the synthesis mixture increases as the zeolite grows as previously 
studied and reported.199,201–203 In this case, the pH of the synthesis mixture was measured after 
the acid addition and after reaching the second equilibrium, and as expected, there is an increase 




the condensation reaction of the silicate species. On the other hand, the base adjustment of the 
synthesis mixture enables the dissolution reaction and, therefore, the consumption of hydroxyl 
ions, which lowers the pH. Curiously, the pH at the second equilibrium appeared to be lower 
than at the first equilibrium. This lower pH at the second equilibrium could be explained as a 
result of the release of silicate oligomers and the complex formation of the TPA cations and the 
silicate anions consuming hydroxyl ions.204,205 These results clearly indicate a dynamic pH-
dependent equilibrium that upon modification can influence the yield and final particle size. 
The rapid response to these adjustments favors the molecular growth mechanism over the 
“nanoslab” aggregation models, which to some extent, must still explain the fact of why 
colloidal zeolite particles stop growing before the full conversion has been reached. 
In order to probe the dynamics of the equilibrium, experiments based on the run S9 were carried 
out. A series of pH adjustments were applied as outlined in Table 3 and the particle size 
development monitored , as shown in Figure 7.  
 
Table 3. Synthesis results at different post-synthesis pH adjustment of a synthesis mixture with the initial molar composition 























24 Acid 13.35 11.4 103 121 
40 Base 12.5 13.75 121 102.5 
46 Acid 13.05 11.4 102.5 119 
52  Base 12.4 13.65 119 103 
58  Acid 13.0 11.4 103 118.5 






Figure 7. The average particle size development as a function of reaction time for a synthesis mixture with the initial molar 
composition 9 TPAOH : 25 SiO2 : 480 H2O : 100 EtOH, following a series of post-synthesis pH adjustments performed by 
successive additions of acid and base, respectively. 
The cyclic adjustments of acid and base showed similar particle size and conversion results, 
indicating a robustness of the chemical system in re-establishing the dynamic equilibrium 
between growth and dissolution.  
Supersaturation is considered the driving force for the nucleation and the growth of zeolites, 
according to previous authors.206,207 During the formation of zeolites, supersaturation is initially 
increased and nuclei formation occurs, dictating the nucleation step. Further, as the growth of 
zeolites reaches the end, supersaturation is zero as the nutrients are typically depleted. However, 
in our study, the supersaturation is zero when the equilibrium between condensation and 
dissolution reactions has been reached, but there are still uncreacted nutrients in the solution. 
We find that supersaturation can be re-established by shifting the synthesix mixtures to 
conditions of lower solubility of the crystal and the silicate species, favoring condensation 
reaction over dissolution and resulting in continued growth as observed for the SxA runs. In 
addition, the supersaturation of the post-synthesis shows no effect on the nucleation as the 
number of particles remains constant. 
It is now evident that the synthesis of zeolites follows dynamic chemical equilibria rules as a 
driving force for the formation or dissolution of zeolites. Besides, the full conversion of 
colloidal zeolites at low synthesis temperature conditions can be achieved by a proper pH 
adjustment of the synthesis mixture without modifying the concentration of part icles. In 
addition, this can have a significant benefit to industrial manufacturing economics. 
The effect of the post-synthesis acid adjustments revealed that the equilibrium is shifted towards 
condensation reaction, favoring the growth of zeolites, affecting the yield and final particle size 
but not the concentration of particles. The latter will be different if the pH-treatment is done at 
different stages during the reaction course. Thus, a series of mid-synthesis acid adjustment 
experiments were conducted as outlined in Table 4 to understand the effect of acid treatments 
on the growth rate, particle size, and more interestingly on the nucleation. Samples are denoted 
as S9-TH, where S9 refers to the molar composition of the clear solution, and TH is the reaction 



























S9 - 65.5 105 5 8.01 
S9-0H 0  95.5 335 13 0.327 
S9-1H 1  94.5 210 12.5 1.30 
S9-3H 3  96.7 151 12 3.55 
S9-4H 4  95.5 142 12 4.20 
S9-6H 6  97.5 135 11.4 5.44 
S9-8H 8 96.0 131 10.9 5.07 
S9-12H 12  98.3 123 9 6.70 
S9-18H 18  97.1 124 5 / 9.2 6.01 
S9-24H 24  98.5 121 5 / 7.4 7.05 
S9-30H 30 97.5 122 5 / 7.5 7.07 
 
All the runs reached a yield between 95 and 99 %, which confirms that condensation reaction 
was favored over the dissolution throughout the course of the reaction. The effect of pH 
adjustment on the concentration of particles was more visible at the early stages (0 to 8 hours) 
of the reaction. The particle size exhibited a more significant increase and then decreased 
rapidly to a constant value, as shown in Figure 8. The relation of the concentration of particles 
and particle size indicates that after 8 hours of reaction for S9, no new nucleation occurs. This 
result indicates that the acid addition to the samples in the range of 8 to 30 hours only affects 
the growth of zeolites, favoring a second growth, whereas the samples at times earlier than 8 
hours, the acid influences both the nucleation and growth. In this context, the nucleation at these 





Figure 8. Variation of final particle size and particle concentration with pH-adjustment time. 
The linear growth rates are affected by the pH adjustment, observing high growth rates at early 
stages during the reaction and then decreasing at later stages. The high growth rates can be 
associated with the high supersaturation as the concentration of nutrients at the beginning of 
the reaction is also higher compared to the low amount of nutrients by the end of the growth 
stage. This trend is in agreement with what has been previously reported.206 However, the 
higher supersaturation obtained by the acid adjustment does not generate a higher number of 
viable nuclei based on the presented results. Instead, the samples with the highest initial 
supersaturation have a lower concentration of particles, which seems to be in contradiction 
because of the higher the supersaturation, the smaller the viable nuclei radius.208 This could 
infer that the increase in supersaturation has a larger impact on the growth rate than on the 
nucleation stage, resulting in fewer nuclei causing the nucleation time to be larger.  
 
5.2 Solution Equilibria Controlled Growth of Colloidal Zeolite ZSM-5 
Colloidal ZSM-5 particles were synthesized for the first time by Persson et al.209 Different 
synthesis variables (e.g., alkalinity, SiO2/Al2O3 ratio, water content) and their effect on the 
crystal growth properties were investigated. One of the first findings concluded that as the 
SiO2/Al2O3 ratio is lowered, the yield is significantly reduced, evidencing the influence of the 
alumina on the crystal growth. One of the possible explanations given by the authors was that 
systems with low SiO2/Al2O3 ratios require higher synthesis temperatures so that crystalline 
products are yielded. Thus, another study in synthesis of colloidal ZSM-5 particles were 
conducted at higher temperatures (e.g., 160 ⁰C) for synthetic systems with lower SiO2/Al2O3.210 
Although the increase in temperature did improve the synthesis conversion, it  was not enough 
to reach full conversion. 
As presented in the previous section and Paper 1, chemical solution equilibria seem to be the 




in Paper 2, we present the solution equilibria model applied to ZSM-5, a system that includes 
the presence of aluminum.  
Three sodium-free ZSM-5 syntheses were considered for this study. Their molar composition: 
9 TPAOH : 25 SiO2 : x Al2O3 : 480 H2O : 100 EtOH 
where x is either 0.25, 0.33 or 0.5 (corresponding to SiO2/Al2O3 ratios: 100, 75 and 50). 
Figure 9 shows the growth of the three ZSM-5 syntheses compared to silicalite-1 that has the 
same molar composition except for the alumina content. The three syntheses exhibit linear 
growth until no change in the particle size is observed. The time when the particles stop growing 
is gradually decreased as the SiO2/Al2O3 ratio is reduced. This behavior suggests that longer 
times are needed to crystallize indicating that the growth rate is also reduced. 
Figure 9. The average size of ZSM-5 particles development as a function of reaction time for synthesis Z100 (black squares), 
Z75 (red dots), Z50 (blue triangles) and Al2O3-free silicalite-1 (green diamonds). 
In comparison with silicalite-1, the introduction of the aluminum in the synthesis mixture 
considerably affects the crystal growth and the particle size development. As shown in Figure 
9, the particle size increases with the alumina-content in agreement with previous studies. The 
increase in the particle size also affects the specific surface area of the crystals (see Table 5). 
Hence, the specific surface areas showed a decreasing trend as the particle size is larger. In 
addition, the increase in the particle size suggests that aluminum not only affects the growth but 
also the nucleation, as the number of particles is lower despite the low conversion as shown in 
Table 5. The low number of particles and large final particle size are indications that the 
difficulty of the aluminum incorporation in the nuclei has a substantial effect on the nucleation 
stage, slowing down the formation of nuclei as well as the crystal growth.  
The SiO2/Al2O3 ratio of the synthesized ZSM-5 particles was determined by XRF and, as 
observed in Table 5, showed that all the three determined ratios were higher than the initial 
composition in the clear solutions. The higher value could be explained by the absence of 
sodium cations in the synthesis mixture as they act as charge compensators and facilitate the 




Table 5. Influence of the Al2O3 content on SiO2/Al2O3 ratio, specific surface area, linear growth rate conversion yield of 
ZSM-5 particles, final average particle size and particle concentration in synthesis mixtures with molar compositions       9 


























(#/g sol) · 10-13 
Z100 0.25 118 442 5 51 187 0.58 
Z75 0.33 86 423 4.3 38 224 0.23 
Z50 0.5 72 406 3.4 15 241 0.11 
a)
 The SiO2/Al2O3 ratio was determined by XRF. 
b)
 Conversion calculated from the metal oxides (MO) (SiO2 and Al2O3) 
 
By 27Al MAS NMR measurements it was possible to determine that the aluminum incorporated 
into the framework is tetrahedrally coordinated and no significant extra-framework aluminum 
was found.  
The syntheses showed the characteristic sudden termination of the zeolite growth, as observed 
in Figure 9 as a constant particle size plateau at the end of the synthesis. Low temperature in 
the synthesis has been suggested as one of the causes that explains this abrupt termination of 
the crystal growth, since high temperature is required to overcome the kinetic barrier to generate 
nuclei faster and boost the crystallization.210,212However, this explanation does not completely 
provide a more mechanistical argument to explain the sudden stop in the crystal growth. In the 
previous section, we provided a better understanding of such behavior and concluded that it is 
associated to a dynamic equilibrium between the growth and dissolution reactions. Besides, the 
equilibrium is pH dependent and involves the solubility of the species in solution and their 
chemical equilibria to dictate the zeolite growth.  
Thus, a series of experiments were performed to attest if the chemical solution equilibria 
mechanism derived for the growth of silicalite-1 particles could also explain the sudden 
termination of ZSM-5 growth. Similarly, as in the previous section for silicalite-1 and in Paper 
1, the pH of the three systems was reduced using HCl when the particle growth had terminated.  
Figure 10 shows the development of the particle size after the pH adjustment of the synthesis 
mixtures and further continuation of the reaction. It is clear that the acid addition affected the 
growth, resulting in a second growth stag, proceeding until another equilibrium is reached and 
the particle once more stop growing. The new final particle sizes and new yields are 








Figure 10. The average particle size development as a function of reaction time for samples a) Z100-A (black squares); b) 
Z75-A (red dots) and c) Z50-A (blue triangles). 
 
Table 6 Influence of post-synthesis additions of HCl in the Zy-A syntheses on the SiO2/Al2O3 ratio, specific surface area, 
linear growth rate, conversion yield of ZSM-5 particles, final average particle size and particle concentration in synthesis 


























(#/g sol) · 10-13 
Z100-A 0.25 105 408 10 93 239 0.63 
Z75-A 0.33 78 398 6 82 281 0.20 
Z50-A 0.50 58 382 5.5 63 343 0.08 
.  
The increase in the particle size is in agreement with the model of a dynamic equilibrium that 
controls the crystallization of ZSM-5 particles as evidenced in our previous results for silicalite-
1. This equilibrium can be tuned by changing the pH of the synthesis solution. Lowering the 
pH affects the alkalinity of the synthesis mixture, demonstrating, as previously reported by 
Persson et al., that reducing the alkalinity shows an increase in the growth rate indicating that 
the silanol condensation reaction is favored over the dissolution reaction. 
This also proves that by lowering the pH, the solubility of the ZSM-5 particles is reduced, which 
means that the acid adjustment increases the supersaturation of the solution in favor of the 
condensation reaction causing the particles to continue to grow until a new equilibrium between 
growth and dissolution is once more reached. Curiously enough, the SiO2/Al2O3 ratio of the Zy-
A samples is lower in comparison to the Zy samples and close the overall synthesis mixture 
values. This indicates that aluminum was inserted more readily into the zeolitic framework as 
the pH was lowered. We find that the incorporated aluminum is 100 % tetrahedrally coordinated 
as evidenced by the 27Al MAS NMR and the XRD patterns of the samples shown in Figure 11, 
and no differences in these regards were found in comparison with the samples before acid 
adjustments . 






Figure 11. a) Powder X-ray diffractograms and b) 27Al M.A.S. NMR spectra of colloidal ZSM-5 nanoparticles in the Zy-A 
series with different SiO2/Al2O3 molar ratio after acid adjustment. 
 
The incorporation of aluminum to the crystalline framework can be associated with the increase 
in the pH during the crystallization of ZSM-5.213 The change in the pH is attributed to the release 
of OH- groups as a result of the condensation reactions via two mechanisms: i) nucleophilic 
attack between solvated silicate species and aluminate centers at the surface of the growing 
zeolites and ii) nucleophilic substitution between deprotonated silanol groups and solvated 
aluminate species.214 These dynamic reactions are dependent on the solubility difference of the 
species in solution. This indicates that upon lowering the pH at the equilibrium, the solubilities 
of the silicates, aluminates and growing particles are affected and shift the equilibrium towards 
condensation reaction. The condensation reaction yields a second growth stage and therefore 
an increase in the pH is observed which is translated into the incorporation of silicon and 
aluminum into the framework. 
In our previous study of silicalite-1, we found that by lowering the pH after the first equilibrium 
was reached, the condensation reaction was favored sufficiently much that when the second 
equilibrium was reached, the conversion was very close to 100 %. In the present study for 
samples Z75-A and Z50-A, the conversion was only 82 and 63%, respectively when the second 
equilibrium. In this case, it is worth to mention here that the amount of HCl added to the three 
Zy samples was different because at the higher alumina content the reduction of the pH in the 
solution led to a gelation of the synthesis mixture. This is explained by the solubilities of the 
aluminosilicate species in solution, especially when an increase in the alumina content 
significantly reduces the solubility of the silica as observed by Iler.78 In addition, the increase 
in the alumina content at fixed silica concentration and the change of the pH of the solution 
generate a solubility boundary that is translated as the stability of the aluminosilicate.215 Thus, 





pH increases, more soluble species are generated. In the present work, each solution was 
adjusted to a minimum pH value possible without inducing gelling.  
This will certainly influence the equilibrium between condensation and dissolution reactions 
and thus affect the solubility of the species in solution and the supersaturation and thereby result 
in different yields. Attempts of further post-additions of acid after the second growth were 
conducted but caused the synthesis solutions to gel and preventing the growth to be followed 
further. 
These findings clearly show that the introduction of alumina shifts the dynamic equilibrium 
between condensation and dissolution in favor of dissolution, most likely by slowing down the 
condensation reaction.78 The result of this is a lower yield for the same 9 TPAOH value 
























































6. Applications of colloidal zeolites 
 
In Chapter 5, we studied the synthesis of colloidal zeolites wherein the mechanism of formation 
allows for control of the particle size, yield, and chemical composition of the product by 
judicious selection of certain synthesis parameter values. Being able to control and monitor the 
synthesis of zeolites gives a tremendous advantage on how to tailor the properties of zeolites 
for more specific applications. Once we can prepare tailor-made zeolites, we may evaluate their 
use in more target-oriented applications. In the present chapter, we will introduce and study two 
applications using colloidal zeolite particles and more details are given in Paper 3 and Paper 4.  
 
6.1 Mesoporous zeolites prepared by colloidal assembly 
The colloidal assembly of silica nanoparticles has recently been investigated so that mesoporous 
silica microspheres are prepared with a high level of tuneability over the pore size and pore 
volume.216 This strategy exhibits excellent reproducibility and does not require ageing steps, 
use of a mesoporogen or post-treatment steps. This method was investigated by two different 
approaches: evaporation-driven and gelation-driven colloidal assemblies. The evaporation-
driven colloidal assembly is a method in which the randomly suspended nanoparticles within 
emulsion droplets are driven into close packing by gradually evaporating the liquid until the 
nanoparticles assemble into larger particles, called supraparticles or supracolloids.216–218 
Similarly, in this thesis and Paper 3, we present an evaporation-driven template-free colloidal 
assembly procedure to prepare hierarchical micro-/mesoporous zeolite microspheres (MZMs). 
In brief, colloidal sols of silicalite-1 particles were prepared as in Chapter 3, following the recipe 
from Persson et al.26 The emulsion preparation was conducted by mechanical stirring of a 
mixture of 3%-wt hydroxypropyl cellulose (HPC, Mw ~100,000 g/mol) solution and phenethyl 
alcohol as the oil phase. The colloidal zeolite sol was added under constant stirring to form a 
water-in-oil (W/O) emulsion. After a certain time, the emulsion was transferred to a rotary 
evaporator, and the emulsion was evaporated at 65 ⁰C and vacuum condition. The remaining 
liquid was then vacuum filtered to obtain a white powder that was dried and calcined at 650 ⁰C. 
The colloidal silicalite-1 sols were characterized by DLS, and the products were characterized 





The formation of hierarchical MZMs is shown in Scheme 3. Colloidal silicalite-1 particles are 
distributed within the spherical water droplets as the emulsion is formed. Afterward, the 
evaporation at mild temperature and low pressure induces the colloidal assembly, in which the 
slow shrinkage of the droplets makes the zeolite nanoparticles aggregate and gel, forming 
spherical micro-sized particles. Such a gelation process occurs due to the formation of siloxane 
bridges between the silicalite-1 particles through the reaction of superficial isolated 
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Scheme 2. General synthesis of mesoporous zeolite microparticles (MZMs) prepared by colloidal assembly. 
a) Formation of water-in-oil emulsion with colloidal silicalite-1 particles, b) evaporation of emulsion and 
formation of hierarchical micro-/mesoporous zeolite spheres via assembly of the colloidal silicalite-1 
particles(Taken from reference131). 
. 
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As products, perfect microspheres are obtained, as shown in the SEM micrographs in Figure 
12a. This result indicates that the slow dewatering process induces the colloidal assembly into 
densely close-packed spheres, and this is evidenced in the cracked spheres (Figure 12b), in 
which a homogeneous distribution of the colloidal silicalite-1 particles is achieved. The 
mesopores are formed as a result of the aggregation of the particles creating a gap in between, 
and therefore, a well-connected porous network is generated. This porosity is evident in the 
nitrogen-sorption isotherm with a typical Type-IV isotherm, characteristic of the mesoporous 
materials compared to the colloidal zeolites that exhibited a Type-I isotherm, typical of 
microporous materials (see Figure 13a). The isotherm also shows a steep uptake at low 
pressures corresponding to the microporosity. The mesopore size distribution determined by 
Barrett−Joyner−Halenda (BJH) model have an average size of 38 nm that are in close agreement 
with SEM that determined pore sizes of 20-40 nm (see Figure 13b). This result clearly shows 
that the mesopore size, in this case, can be described as the distance generated by stacking 
spherical particles, which is approximately one-third of the particle diameter, considering that 
the zeolite nanoparticles have an average diameter of 105 nm based on DLS measurements. 
This method offers the possibility of tailoring the mesopore size of the mesoporous zeolites by 
a rigorous selection of zeolite nanoparticles with different diameters.  
Figure 13. Characterization of colloidal silicalite-1 sol and silicalite-1 MZM particles. a) N2 adsorption/desorption 
isotherms of colloidal silicalite-1 particles and silicalite-1 MZMs, b) N2 adsorption based pore size distribution of colloidal 
silicalite-1 particles and silicalite-1 MZMs, and c) X-ray diffraction patterns for colloidal silicalite-1. (Black line: colloidal 






The synthesized MZMs showed the typical MFI crystalline patterns as observed in Figure 13c, 
indicating that the colloidal assembly did not affect the crystalline structure of the of the 
colloidal silicalite-1 particles. 
The MZM particles exhibit one of the highest pore volumes (0,64 ml) among the reported 
mesoporogen-free methods for preparing mesoporous zeolites, as outlined in Table 7, which is 
a very positive outcome since many applications in adsorption and separation of molecules, 
require high pore volumes. In addition, this method has a very high yield, close to 100%, as it 
is a physical process rather than a chemical. Also, this method has the shortest preparation time 
and lowest preparation temperature, offering the possibility for mass production at a low 
manufacturing cost.  
 
Table 7. Comparison of total pore volume, preparation temperature, and time of secondary template-free methods for 
mesoporous zeolites. 
Method Type of 
Zeolite 















0.64 358 0.5 This work 
Nanocrystal 
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This method has thus proven to be very versatile, preparing mesoporous silica particles and 
now mesoporous zeolites. However, so far solely particles with one narrow size distribution 
and the same chemical nature have been used. Herein, we have prepared mesoporous zeolites 
incorporating colloidal silica particles of a different size. For that, we mixed a 50 wt-% sol of 
colloidal amorphous silica nanoparticles of approximately 30 nm in diameter and 50 wt-% sol 
of the colloidal silicalite-1 particles and prepared mesoporous microspheres following the 
procedure described in Scheme 3. Figure 14a shows the SEM micrographs of the resultant 
mesoporous zeolite/silica microsphere (MZSM) particles and the nitrogen-isotherm and its 
corresponding pore size distribution.  
The MZSMs exhibit a quasi-spherical morphology with a wavy ridge-like surface pattern. The 
formation of this particular morphology could be caused due to the differences in particle size 
and morphology of the particles since the silica particles have a smaller particle size and a more 
spherical morphology compared to silicalite-1 particles and this could affect the homogeneity 
of the colloidal assembly. In the MZSM particles, a reduction in mesopore size is observed in 
the SEM micrographs and confirmed by the nitrogen adsorption of the particles. The hysteresis 
loop of the nitrogen isotherm has a slightly flatter slope, indicating that the desorption of 
nitrogen from the pore network is more restricted than in the MZMs due to a network with 
smaller pore size (see Figure 14b). The reduction is also observed in the determined BJH pore 
size distribution, wherein the average pore size at 38 nm of the MZMs is lowered to 15 nm for 
MZSMs. This result shows that by mixing smaller silica nanoparticles with the silicalite-1 
nanoparticles, a substantial reduction in the mesopore diameter can be achieved, since the small 
nanoparticles may be placed in between the silicalite-1 nanoparticles as observed in Figure 14a, 
partly filling the interspace between the silicalite-1 particles and therefore forming a new 
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Figure 14. Characterization of MZSM particles. a) SEM images of the prepared MZSMs particles. b) N2 isotherm and N2 adsorption 





This new method could enable the preparation of multifunctional catalysts by using mixtures 
of other types of colloidal zeolites or functional nanoparticles. This protocol will be beneficial 
for specific applications that might require multiple properties in the material, e.g., 
acid/base/redox catalytic activity or selectivity and/or molecular sieving effects. Besides, this 
new method provides a new pathway for production of hierarchical porous zeolites with well-
defined morphologies or other hierarchically functional materials of industrial importance.  
 
6.2 Hybrid zeolite bio-based foams for CO2 capture 
Zeolites have shown positive results towards CO2 separation from flue gases. However, zeolites 
are commonly obtained in aggregated powder form, limiting their implementation in many 
scaled-up applications such as gas separation systems. The employment of adhesives and 
inorganic binders from zeolite-based materials typically leads to pore blockage and reduced gas 
uptake. In this context, a zeolite-composite material using a porous supporting material could 
potentially improve the system efficiency. 
Bio-based polymers, specifically nanocellulose, represent an attractive alternative as porous 
supporting materials, from the environmental point of view as they are derived from abundant 
renewable sources and due to their biodegradability, inexpensiveness, versatility of 
functionalization, and low density. Recently, foams, which are porous materials with open cells 
and extremely low densities, have been widely investigated for several applications, including 
heat-insulating materials, supercapacitors, super-absorbents, among others. 9,10 Nanocellulose 
foams have been used to grow leaf-like zeolitic imidazolate frameworks (ZIF-L), generating a 
multifunctional composite with ultra-light weight and good mechanical properties and a loading 
of 21-50% of ZIF-L, which exhibited good CO2 uptakes in comparison with other MOF 
materials.223 
In this work and more detailed in Paper 4, hybrid zeolite-nanocellulose foams with high 
loadings of zeolites were prepared for CO2 capture. For such preparation, colloidal silicalite-1 
particles were used as a model system. The synthesis of the colloidal silicalite-1 was done 
following the recipe by Persson et al.26 The matrix of the foams consisted of 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidized cellulose nanofiber (TOCNF) and 
gelatin.  
In short, colloidal silicalite-1 particles were mixed with TOCNF and then combined with a 
gelatin suspension using a high-speed disperser. The mixture was then transferred to molds and 
cooled down at 4 ⁰C for 1 h. Finally, the mixture was degassed and subject to freeze-casting 
employing dry-ice. 
The preparation of hybrid foams using nanocellulose-gelatin exhibited the highest loading of 
colloidal silicalite-1 particles (i.e., 90 wt.-%) that has ever been reported. This value was 
determined by gravimetric measurements. The strongly interconnected network generated by 




(see Scheme 4). As observed in SEM-EDS maps in Scheme 4, the hybrid foams show a 
homogeneous distribution of the different components, especially the colloidal zeolite particles.  
 
 
Scheme 3. Conceptual schematic illustration of the network between gelatin/TOCNF and silicalite-1 and the EDS mapping 
showing the distribution of the elements in the hybrid foam. (Scale bar = 50 μm) (Taken from reference.224) 
 
The hybrid foams have a tubular honeycomb structure, as illustrated in Scheme 4, and imaged 
in Figure 15. The pore structure of the foam contains macropores of around 40 microns as a 
result of the unidirectional freeze-casting effect. During the foam preparation, the zeolite 
particles seem to aggregate and are found to be located at the walls of the foam. Additionally, 
it was observed that at higher concentrations of silicalite-1, more aggregates appear and show 
no alteration of the foam’s porous structure. This aggregation was indirectly evidenced in the 
compression tests, as shown in Figure 16. All the samples exhibited the characteristic 
compressive deformation behavior of foams. However, a detrimental decrease is observed in 
the stress-strain behavior. Therefore, the elastic modulus as the silicalite-1 content increases, 
indicating that the foam’s stiffness was affected presumably by the zeolite aggregates, as 
already shown in Figure 15. Although there is a decrease in the stiffness, it is the absorption 
energy, which is the crucial mechanical property. A significant increase in the absorption 
energy is observed as the silicalite-1 increases, which could occur due to the increase in the 





Figure 15. SEM micrographs of hybrid foams with different mass fractions of silicalite-1. The right column corresponds to 
the cross-sectional micrographs. 
 
 
Figure 16. Stress-strain plots showing the compressive mechanical properties of foams with different zeolite content (a,b); 
compressive modulus and energy absorption of foams with different zeolite content (c); photograph of hybrid foam 
comprising 50 wt % content of silicalite-1 withstanding 100 g of weight (d). 
The silicalite-1 content has shown important effects on the morphology and mechanical 




surface area and pore size distributions were investigated by N2-sorption. As shown in Figures 
17a,b and c, the silicalite-1 content led to a significant increase of the porosity observed as a 
quasi-linear relation of the pore volume, microporous surface area, and specific surface area as 
a function of silicalite-1 content. The presence of silicalite-1 particles enables the introduction 
of microporosity to the hybrid system, as observed in Figure 17d, in which a steep increase is 
found below 10 Å. These results evidenced that silicalite-1 particles can be accommodated on 
the foam´s wall without generating significant pore blockage critical for CO2 adsorption. 
 
 
Figure 17. Influence of zeolite content on the specific pore volume (a); specific microporous surface area (b); specific 
surface area (c); and pore size distribution (d) in the hybrid foams. 
  
The CO2 adsorption isotherms of the hybrid foams are shown in Figures 18a and b. The 
incorporation of silicalite-1 particles in the foams increases the CO2 adsorption capacity due to 
the microporosity of the zeolites, showing a linear relationship as a function of the silicalite-1 
content. The linear relationship also shows that nanocellulose nanofibrils/gelatin porous 
networks mainly act as support for the zeolite particles and do not block the zeolites´ pores. 
Instead, the porosity of the network could generate access to the gas molecules. Noteworthy is 
that despite the silicalite-1 framework is a pure-silica without exchangeable cations, it can 
adsorb CO2 molecules through Van der Waals interactions in the channels of the MFI 
framework.225  
The N2 adsorption on the foams was significantly lower as expected for the nitrogen molecule 




towards CO2 over N2, and this suggests that the prepared foams could be potentially used to 
separate CO2 in methane-rich gases (see Figures 18c and d). 
 
 
Figure 18. CO2 adsorptive properties of hybrid foams. (a) CO2 adsorption isotherm of hybrid foams; (b) CO2 capture 
capacity of hybrid foams as a function of zeolite content; (c) comparison between adsorption of CO2 and N2 showing the high 
selectivity for CO2 in the foam consisting of 85 wt.-% silicalite-1; and (d) final amount of CO2 and N2 adsorbed at 1 bar 
absolute pressure for different foams. 
The reusability is an important feature that sorbent materials need to have towards CO2 capture 
or any other gas sorption. Thus, the reusability capacity was investigated by gravimetric  
adsorption measurements. In brief, the foams were placed in a gravimetric balance and subject 
to repeated CO2/N2 adsorption/desorption cycles, where the weight-% change was monitored. 
The cyclability is shown in Figure 19. The reusability of the foams seems to be very high since 
only a minor decrease in adsorption capacity could be observed after 6 cycles or even after 20 
cycles, the reduction was around only 9% (not shown here). The selectivity linearly increases 
as a function of zeolite content, attributed to the higher adsorption affinity of silicalite-1 for 
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Figure 19.Gravimetric gas adsorption measurements of the hybrid foams: (a) cycles of CO2/N2 adsorption of hybrid foams 


























































7. Synthesis, characterization and evaluation of Fe-N-doped 
ordered mesoporous carbons as fuel cell catalysts 
 
As presented in Chapter 3, currently, there is a continuous relentless search for platinum-free 
catalysts for fuel cell technology. One of the most promising non-precious metal catalyst classes 
is self-supported transition metal nitrogen-doped carbon materials, which have shown good 
electrocatalytic activity for ORR in alkaline media. These materials have been prepared from 
different sources such as porphyrines, phtalocyanines and phenanotroline, among others. 
However, their cost, low stability, poor catalytic activity in acidic media are some of the 
disadvantages.  
Recently, transition metal- and nitrogen-doped OMCs were prepared by impregnating a 
transition metal salt (i.e., Fe or Co), and a nitrogen and carbon precursor into an ordered-
mesoporous silica template (i.e. KIT-6) that was subsequently pyrolyzed at high temperatures, 
resulting in a material, which exhibited good results in terms of stability in acidic media and 
PEMFC performance, as well as offering a cheaper synthesis alternative. Since then, several 
variables have been investigated in order to optimize the synthesis and improve the catalytic 
activity in PEMFC performance. Pyrolysis temperature, carbon-nitrogen precursor, transition-
metal salts and their degree of hydration, and template-removal procedures, are some of the 
synthesis parameters evaluated.185,186,188   
In Paper 5, we investigated the effect of the counter anion of the transition-metal salt, in this 
case iron, on the synthesis of Fe-N-doped OMC catalysts. The counter ion can presumably 
influence the resultant transition the metal OMC in two aspects: the solubility of the salt in 
carbon-nitrogen precursor used and the simultaneous incorporation of additional dopants. The 
high solubility of the iron salt in the precursor is, therefore, expected to increase the iron loading 
in the catalyst, which could also increase the number of active sites in the final Fe-N-doped 
OMC.  
 
7.1 Synthesis and characterization of Fe-N-doped OMC catalysts 
The standard synthesis method used in this thesis is as follows: ordered mesoporous silica KIT-
6 template is synthesized, furfurylamine (FA) and iron salt are mixed and impregnated in the 
template, followed by ageing, first heating at 100 ⁰C for 2 h and second heating at 160 ⁰C for 2 
h, first pyrolysis treatment from room temperature to 950 ⁰C at 15 ⁰C/min and hold at 950 ⁰C 




template removal with HF at room temperature, sulfuric acid treatment for 6 h, and finally 
pyrolysis at 950 ⁰C.  
Prior to the synthesis of Fe-N-doped OMCs, the solubility of four different salts in 
furfurylamine, which is the carbon-nitrogen precursor, was investigated. Iron (III) chloride 
hexahydrate (FeCl3·6H2O) was used as reference of previous studies, and the other salts studied 
were iron(II) tetrafluoroborate hexahydrate (Fe(BF4)2-6H2O), iron(II) 
trifluoromethanesulfonate (Fe(OTf)2) and iron(II) acetate (Fe(OAc)2). In Table 8, the 
solubilities of the Fe-salts in FA are summarized.  
 






To distinguish the iron salts and their respective Fe-N-doped OMC, the samples are designated 
by their counter anion; for example, the resultant Fe-N-doped OMC from Fe(OAc)2 salt is 
denoted OAc-Fe-OMC. The solubility of iron salts was increased in the three salts in 
comparison with the solubility of FeCl3-6H2O, demonstrating that the counter anion plays a 
significant role in the solubility of the iron salts in FA. For the synthesis of Fe-N-OMCs, the 
iron loading was noticeably increased solely for OTf-Fe-OMC, despite all salts showing an 
increase in the solubility in comparison to the reference FeCl3·6H2O salt (see Table 9). On the 
other hand, OAc-Fe-OMC exhibited the lowest Fe loading, despite that its precursor iron salt 
has a 5 times higher solubility in FA than the reference Fe salt.  
Table 9. Elemental and thermogravimetric analysis for Fe-OMCs. 
Sample H2O# 
(hydration) 
H* C* N* S* Fe§ Other non-
volatiles§,# 
Cl-Fe-OMC 3.22 1.00 83.42 3.68 0.11 0.40 0.52 
OAc-Fe-OMC 0.45 0.58 93.21 0.92 0.20 0.11 0.21 
OTf-Fe-OMC 2.31 1.08 79.97 3.05 2.73 3.88 0.78 
BF4-Fe-OMC 3.03 0.71 85.83 4.23 0.27 0.46 3.52 
       Determined by TGA 
      * Determined by EA 
      § Determined by XRF 





FeCl3-6H2O 60 0.22 
Fe(BF4)2-6H2O 430 1.27 
Fe(OTf)2 440 1.24 




Thus, it is evident that the solubilities of the iron salts are not directly related to the resulting 
iron loading in the formed Fe-N-doped OMCs.  
Further characterization studies using XRD, nitrogen-sorption and SAXS were conducted in 
order to understand and gain insight to the effect of the counter anion on the textural properties 
and structure of Fe-N-doped OMCs. From the nitrogen-adsorption measurements and analysis, 
it is observed that the specific surface area is significantly higher for Cl-Fe-OMC in comparison 
with the other Fe-OMCs (see Table 10), indicating that the change in the counter anion might 
have a negative effect on the formation of the Fe-OMCs during the carbonization and therefore 
affecting the surface area. Additionally, all samples showed different pore diameters with 
differently broad pore-size distributions as shown in Figure 20a. It is noticeable that Cl-Fe-
OMC has a narrower pore size distribution compared to the other samples and OAc-Fe-OMC 
has the smallest pore size and broadest pore-size distribution. 
 
Table 10.Surface properties of the Fe-doped OMCs 
Sample BET surface area 
(m2 g-1) 





Cl-Fe-OMC 1035 1.29 41 
OAc-Fe-OMC 607 1.26 25 
OTf-Fe-OMC 709 1.02 52 
BF4-Fe-OMC 572 1.19 60 
 
The SAXS patterns for all four samples are shown in Figure 20b The samples Cl-Fe-OMC OTf-
Fe-OMC and BF4-Fe-OMC show the typical patterns of cubic Ia3d structure with the typical 
(211) and (220) reflections for a rod-type nanostructure, as a result of the nanocasting on KIT-
6.227 This result is in agreement with the obtained BET surface area, pore volume and type of 
pore-size distribution typical for rod-type structures. In contrast, OAc-Fe-OMC exhibits a very 
weak reflection, indicating lack of meso-order, which is agreement with the broad pore-size 
distribution.  
In addition, the XRD pattern of OAc-Fe-OMC (see Figure 20c) evidences a high degree of 
graphitization in comparison to the other samples. This is observed with the high intensity of 
the typical peaks for amorphous carbon at 26⁰ and 43⁰, corresponding to reflections (002) and 
(101) and the graphitic peak at 54⁰.186,228 This indicates that the acetate anion facilitates the 
graphitization process and the presence of iron could catalyze it. Because graphitization is 
known to remove heteroatoms from the carbon framework, the low iron and nitrogen loadings 
and high carbon content in OAc-Fe-OMC is consistent with its more graphitic structure. 




material and this is clearly evidenced by its weak SAXS pattern and broad pore diameter 
distributions. 
 
Figure 20. Pore diameter distributions based on the adsorption isotherm (a), SAXS plots (SAXS)(b), and X-ray 
diffractograms (c) for Cl-Fe-OMC (black), OAc-Fe-OMC (red), OTf-Fe-OMC (green), and BF4-Fe-OMC (blue). 
 
 
7.2 Electrocatalytic evaluation of Fe-N-doped OMCs  
In the previous section, the effect of the counter anion of Fe salts on the structural properties of 
synthesized Fe-N-doped OMCs was described and discussed. In this chapter, we establish a 
relationship between the material properties and the catalytic properties. The electrocatalytic 
activity towards ORR is investigated by means of RDE and the electrochemical performance 
conducting PEMFC tests.  
The evaluation of the electrocatalytic activity of the Fe-N-doped carbons towards ORR 
provided information of the kinetics and reaction mechanisms of these materials. Such 
evaluation was carried out in RDE cell under acidic conditions using a O2-saturated HClO4 









Figure 21.a) Rotating Disk Electrode (RDE) polarization plots collected in O2-saturated 0.1 M HClO4 electrolyte with a 
rotation rate of 900 rpm at room temperature and b) number of electrons transferred for the Fe-N-doped OMC catalysts as 
determined by the Koutecky-Levich equation for Cl-Fe-OMC (black), OAc-Fe-OMC (red), OTf-Fe-OMC (green), and BF4-
Fe-OMC (blue). 
 
Cl-Fe-OMC shows the highest half-wave potential (E1/2) at 0.68 V vs. RHE with OTf-Fe-OMC 
and BF4-Fe-OMC slightly lower at 0.62 V and 0.56 V, respectively. OAc-Fe-OMC performs 
much worse with an E1/2 of 0.44 V. The number of transferred electrons was determined by the 
Koutecky-Levich equation and are shown in Figure 21b. Based on this calculation, Cl-Fe-OMC, 
BF4-Fe-OMC, and OTf-Fe-OMC follow a four-electron mechanism from 0 to ca. 0.60 V, 
indicating that the oxygen can be completely reduced to water. In contrast, for OAc-Fe-OMC, 
the number of electrons is significantly reduced from 0.3 V up to 0.7 V where the number of 
electrons is one, indicating that the reaction is not a four-electron transfer process. 
The poor catalytic activity towards ORR of OAc-Fe-OMC and poor electron transfer can be 
attributed to many factors observed in the previous chapter: i) low Fe and N contents, which 
are the main components in the formation of the catalytic active sites;185,230 ii) broad pore-size 
distribution, less ordered mesoporosity and relatively low surface area. The ORR catalytic 
activity for OTf-Fe-OMC, which contains significantly higher Fe loading, shows an 
improvement, in comparison with BF4-Fe-OMC and OAc-Fe-OMC, but not better than Cl-Fe-
OMC. Certainly, this behavior suggests the incorporation of high loading of Fe in the Fe-N-
doped OMC material does not imply that the catalytic activity will be enhanced, since the 
catalytic activity is strongly limited by the number of active sites. This indicates that not all the 
incorporated iron is transformed into catalytic active sites. 
Further, the polarization plots from the PEMFC electrochemical tests are shown in Figure 22. 
At the low current region, a similar behavior compared to the RDE results is observed, where 
the Cl-Fe-OMC shows better performance than the other three Fe-N-doped OMC samples. On 
the other hand, at high current density region, BF4-Fe-OMC and OTf-Fe-OMC slightly 
outperform Cl-Fe-OMC. Comparing the properties of BF4-Fe-OMC and Cl-Fe-OMC , it is 
observed that both have similar iron content, hydration, nitrogen content and hydrogen content. 




currents is a result of the degree of graphitization, which seems to be higher and the presence 
of boron, which could be acting as dopant and take part in the ORR.  
 
Figure 22. a) Polarization curves and b) zoom in of low current density regions measured in a single cell PEM fuel cell for 
Fe-OMCs. Cl-Fe-OMC (black), OAc-Fe-OMC (red), OTf-Fe-OMC (green), and BF4-Fe-OMC (blue). 
Despite of the higher Fe loading in the OTf-Fe-OMC sample, it does not perform noticeably 
better than the BF4-Fe-OMC and control Cl-Fe-OMC samples. Again, this confirms that the 
iron incorporated in the sample consist of less active species in comparison to the iron species 
found in BF4-Fe-OMC and Cl-Fe-OMC. Overall, the electrocatalytic performance of OTf-Fe-
OMC, BF4-Fe-OMC and Cl-Fe-OMC is rather similar, indicating that despite the high 
solubility of their iron salts in FA and noticeably higher loading of iron in OTf-Fe-OMC, the 
number of catalytic active sites seems to be fairly similar.  
The low catalytic activity of OAc-Fe-OMC was observed along the current range in the 
polarization plot, confirming the results determined by RDE measurements. As mentioned 
above, this indicates that the low Fe and N contents, have an effect on the formation of active 
sites. In addition, its lack of order and irregular porous structure could prevent the diffusion of 

















8. Catalyst activation protocols for Fe-N-doped OMC catalysts 
Over the last decades many efforts have been devoted to optimizing the membrane electrode 
assemblies (MEAs) and operation conditions of the PEMFC in order to improve their 
performance and durability. Among the operating conditions, the MEA activation is a procedure 
that typically has critical influence on the efficiency and long-term performance.231,232 The 
activation protocol directly affects: the hydration of the polymer membrane and catalyst, 
removal of contaminants from the catalyst and electrode, generation of pathways for the 
reactants, and reaching a stable performance after the activation step. Many of the reported in-
situ activation protocols are divided in two main groups: constant-potential and constant-low-
current procedures. Besides, most of these protocols have been developed and implemented for 
the activation of platinum-based catalysts. The obtained activity results, post-activation 
procedure, have shown significant improvement of the catalyst activity but the times required 
to carry out such protocols vary from 2 to 100 hours, and this has a negative implication for the 
mass production of PEMFC, where even short activation times can cause production delays. 
Although Fe-N-doped porous carbon materials have emerged as the most promising alternative 
to replace platinum-based catalysts, challenges in the low performance and durability in fuel 
cells still need to be addressed.233,234 As investigated for platinum-based catalysts, the activation 
protocols have shown an improved catalytic activity in PEMFC. In this thesis we present for 
the first time a comparative study of break-in or activation protocols for Fe-N-doped OMC 
catalysts as outlined in Table 11, and their catalytic activity for ORR in PEMFC.  
A large number of 5 cm2 MEAs were manufactured using the same catalyst ink batch and 
deposition procedure and the activation protocols were performed on a different individual 
MEA sample for each evaluated protocol. All the MEAs have the same low content of Fe-N-
doped OMC catalysts (i.e. 1.2 mg cm-2) explaining the comparably low catalytic conversion 
efficiency. The Fe-N-doped OMC material was prepared following the synthesis procedure 
using FeCl3·6H2O salt as presented in Paper 5. The experiments were carried out using the same 
fuel cell (5 cm2 TP5 Research cell, GreenLight Innovation), at 80 °C, 100 % RH and 









Table 11. Protocols evaluated for activation of Fe-N-doped OMC in PEMFC performance tests. 
 
Figure 23 shows the polarization curves under H2/air and H2/O2, respectively comparing the 
influence of the preceding activation protocols. Overall, no major difference is observed in the 
catalytic performance under H2/air condition between the different catalyst activation protocols. 
On the other hand, a more noticeable difference is observed under H2/O2 conditions, wherein 
the 0.3V-holding activated catalyst shows somewhat better performance along the current range 
compared to non-activated and 0.4V- and 0.5V-holding activated catalysts. In addition, the 
square wave potential protocol seems to give the best performance of all samples at the highest 
current densities. However, the differences are still comparably small between the samples and 
statistical significance should be confirmed before firm conclusions are drawn from these 
results. 
Figure 23. Polarization plots of activated MEAs by different activation protocols run with a) H2/air and b) H2/O2. 
Activation Description Note 
No activation 
Increase temperature up to 80 °C under H2/Air  Polarization plot is 
measured after desired 
temperature is reached 
Potential holding @ 0.3 V 
Increase temperature to 80 °C under H2/Air with 
0.3 V potential holding 
Polarization plot is 
measured after a stable 
current is reached 
Potential holding @ 0.4 V 
Increase temperature to 80 °C under H2/Air with 
0.4 V potential holding 
Polarization plot is 
measured after a stable 
current is reached 
Potential holding @ 0.5 V 
Increase temperature to 80 °C under H2/Air with 
0.5 V potential holding 
Polarization plot is 
measured after a stable 
current is reached 
Square wave potential loop 
0.3 - 0.6 V 
Increase temperature to 80 °C under H2/Air with 
cycles of 0.3 V for 15 min → 0.6 V for 15 min 
→ 0.3 V for 15 min 
 
Polarization plot is 
measured after a stable 
current is reached no 
significant change in current 
is observed for two 
successive equal potentials 
Stepwise potential loop 
Increase temperature to 80 °C under H2/Air with 
0.3 – 0.8 V – 0.3 V by 0.1 V step with 5 min 
holding 
 
Polarization plot is 






Three additional activation protocols were evaluated to understand the influence of the pre-
heating step and the effect of the gas composition during the activation. The protocols are 
outlined in Table 12. The polarization curves for the activated catalysts under H2/air and H2/O2 
are shown in Figure 24. A significant improvement in performance compared to the best 
previous protocol of the 0.3V activated sample was found for the activation protocols 
preheated-N2 activated and preheated without gases, whereas the 0.3V-holding-O2 activated 
catalysts was found to perform worse than the 0.3V activated under H2/air conditions. The 
improved performance of the first two samples shows the importance of evaluating activation 
protocols as their performance at 0.5 V is around 50-70% higher than the previously best 
protocol. It thus appears beneficial to avoid flow of current through the MEA before the sample 
has been heat treated and even more beneficial to flush the fuel cell with nitrogen during this 
heating before operating the fuel cell. The detailed mechanism for this improvement remains to 
be completely understood. 
Table 12. Protocols evaluated for activation of Fe-N-doped OMC in PEMFC performance tests. 
Activation Description Note 
Preheating with N2 
1. Increase temperature to 
80 °C under N2/N2 condition 
2. Change to H2/air after the 
temperature reaches 80 ℃ 
3. Voltage holding at 0.3 V under 
H2/air condition 
Polarization plot is measured after a 
stable current is reached 
Preheating with no gases 
1. Increase temperature to 
80 °C without gas flowing 
2. Change to H2/air after the 
temperature reaches 80 ℃ 
3. Voltage holding at 0.3 V under 
H2/air condition 
Polarization plot is measured after a 
stable current is reached 
Potential holding @ 0.3 V-O2 Increase temperature to 80 °C under 
H2/O2 with 0.3 V potential holding 
Polarization plot is measured after a 
stable current is reached 
 
The lower catalytic performance of the 0.3V-holding-O2 activated catalyst may be related to 
accelerated oxidation of the catalyst due to presence of pure oxygen. It is known for other Fe 
containing catalysts that such oxidation can be caused by corrosion of the carbon matrix and 
destruction of the F-N moieties due to the presence of peroxide radicals formed through the 
Fenton reaction that is catalyzed by Fe.233 However, this mechanism for the Fe-N-OMC catalyst 




Figure 24. Polarization plots of activated MEAs by different activation protocols run with a) H2/air and b) H2/O2. 
Although the type of gas condition in the pre-heating step seems to influence the catalytic 
performance of the MEAs after the activation, it seems not to maintain this higher performance 
for more than a short period of around 40 hours in durability tests under H2/air at 0.4 V constant 
potential as shown in Figure 25. At the beginning of the durability test, the activated catalysts 
show starting currents following the trend in Figure 24 but thereafter the current decreases to 
around 0.3 A after 36 hours of test for the three activated catalysts. This suggests that the 
activation protocol needs to be complemented by suitable operating conditions to preserve the 
long-term performance of the catalyst. The performance degradation decay is on average 55 % 
for the three activated catalysts within the 40 hours durability test. Likewise, the durability tests 
for the activated catalysts by the activation protocols in Table 11 exhibited 50 %-degradation 
decay (not shown here).  
 
 
Figure 25. Stability test measured at 0.4 V under H2/air condition for activated Fe-N-doped OMC catalysts with activation 





From the results presented above, it can be concluded that from the investigated activation 
protocols in PEMFC, the pre-heating step under different gas conditions influences the 
performance in the short-term to a large extent, but the advantage is lost during durability tests. 
This indicates that the Fe-N-doped OMC catalysts requires a different and simpler activation 
protocol compared to platinum-based catalysts. Certainly, this could bring an economical 
benefit for mass production of PEMFC, simplifying the catalyst activation step. However, the 
large degradation decay observed for all the activated MEAs, needs to be better understood and 

































































9. Conclusions & Outlook 
This thesis was divided into two main groups of porous materials: zeolites and mesoporous 
carbons. Synthesis and characterization of these materials were crucial parts to understand the 
formation and properties for different applications. The studies, thereby, contributed to gain 
fundamental knowledge about the formation and tailoring the properties of these materials, their 
processability into mesoporous and/or hierarchical structures and finally their use in 
applications towards solutions of global environmental challenges of CO2 sequestration and 
energy conversion. 
The synthesis of colloidal zeolite particles was used as a basis to monitor the formation of the 
zeolite crystals. We have determined and quantified the influence of the chemical solution 
equilibria on the zeolite formation and provide explanation for the premature termination of 
zeolite growth prior full conversion. By adjusting the pH of the synthesis mixture at this 
equilibrium, either a condensation (acid adjustment) or dissolution (alkaline adjustment) 
reactions could be favored. This control has a critical impact on the growth rate, yield and 
particle size. Likewise, the synthesis of colloidal ZSM-5 particles also followed the chemical 
equilibria growth model, evidencing the broad applicability of the mechanism. Besides, it was 
found that by lowering the pH, not only the increase in particle size and yield was achieved but 
also an improved incorporation of aluminum into the framework was favored. 
Two preparation methods using colloidal zeolite particles were introduced . A hybrid zeolite-
cellulose/gelatin foam was prepared by using colloidal zeolite particles and nanocellulose fibers 
in a straightforward synthetic method. The foams exhibited high-loadings of zeolite particles, 
without the need of using any type of binders or cross-linkers due to the robust structure 
generated by the nanocellulose fibers and the gelatin that could act as support for the zeolites. 
The CO2 sorption capacity of these foams showed a linear trend with respect to zeolite content, 
evidencing that the organic matrix acts as a support and does not interfere with the sorption 
process. In addition, a novel colloidal assembly method was developed to prepare perfectly 
spherical mesoporous zeolite microparticles without employing any mesoporous template. The 
materials exhibited great pore interconnectivity and high pore volumes. The synthetic strategy 
has preparation time and temperature conditions that are lower than the previously reported 
methods, which can have great implications in the production of hierarchical zeolites at the 
industrial scale. Besides, this new approach opens the possibility of combining nanoparticles 
sols with differences in particle size and chemical composition and thus to create 
multifunctional materials towards separation, catalysis or sensing applications. A remaining 
study for the future is the evaluation of the mechanical properties of these mesoporous zeolites 
and investigation about their implementation in catalytic reactions and separation processes.  
During the synthesis of Fe-N-doped OMC materials for fuel cell catalysts, it was found that the 




carbon-nitrogen precursor solution but this increase in iron was not reflected in the iron content 
in the resultant Fe-N-doped materials. Besides, it was proven that the change of the iron salt 
affected some of the structural and catalytic properties of the materials. Special attention was 
casted on one Fe-N-doped OMC that exhibited significantly higher iron loading compared to 
the other samples, observing that the high iron content did not show noticeable improvement  
compared to a Fe-OMC containing Fe. This suggests that most of the incorporated iron species 
could presumably be inactive or less active towards ORR. A coming step will be to optimize 
the use of iron salts under different synthesis conditions e.g., temperature, precursor/iron ratio, 
template-removal strategy, in an effort to take advantage of the high solubility and incorporate 
more iron as more active species.  
Despite the implementation of activation catalyst protocols do not show a large influence on 
the Fe-N-doped OMC catalyst in PEMFC at long-term performance, it is instead crucial to 
thoroughly investigate the reasons of the degradation decay in their stability and how to 
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AFM – Atomic Force Microscopy 
BCC – Body Centered Cubic 
BET - Brunauer-Emmet-Teller 
BJH - Barrett−Joyner−Halenda  
CCS - Carbon Capture and Storage  
DLS - Dynamic Light Scattering 
EDS - Energy-Dispersive Spectroscopy  
EISA - Evaporation-Induced Self-Assembly  
EM – Electron Microscopy 
FCC – Face Centered Cubic 
FTIR – Fourier-Transform InfraRed 
HC1 – Hydrochloric Acid 
HOR- Hydrogen Oxidation Reaction 
HRTEM – High-resolution transmission electron microscopy 
MOFs - Metal Organic Framework  
MZM – Mesoporous Zeolite Microsphere 
MZSM - Mesoporous Zeolite/Silica Microsphere 
NMR - Nuclear Magnetic Resonance 
NNLS - Non-Negatively Least Squares 
OMC - Ordered Mesoporous Carbons  
ORR - Oxygen Reduction Reaction  
PAN- Polyacrylonitrile  
PDADMAC - Polydiallyldimethylammonium chloride  
PEMFC - Proton Exchange Membrane Fuel Cells 
SAC - Steam-Assisted Crystallization 
SEM – Scanning Electron Microscopy 
TEAOH - Tetrathylammonium Hydroxide  
TEMPO – 2,2,6,6-tetramethylpiperidine-1-oxyl radical 
TEOS –Tetrathylorthosilicate 
TGA - Thermogravimetric Analysis  
TOCNF – Tempo Oxidized Cellulose Nanofiber  
TPAOH -Tetraprpylammonium hydroxide 
TS-1 - Titanium Silicalite-1 
XRD – X-Ray Diffraction 
W/O - Water-in-Oil  
ZIF-L - Zeolitic Imidazolate Frameworks  
SiO2—Silica 
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